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Breathtaking isn’t too strong 


a word— 


for this 

| 83-ft.-high, 
310-ft.-diameter 
concrete stadium 


@ Montevideo’s cylindrical concrete stadium, 
to seat 20,000, is a masterpiece of simplicity 
and economy. Wall was built by slip-form 
method, using ‘Incor’* 24-Hour Cement, pro- 
duced by Lone Star’s Uruguayan subsidiary, 
for speed, equality. Roof, built 
without forms or falsework, is supported on 


economy, 


256 seven strand cables, strung between a 
ring 6 ft. 6 in. wide and 1 ft. 544 in. thick, 
concreted around top of wall, and an 18-ft.- 
diameter steel ring at roof’s center. 


Working out from center, 9,000 precast con- 
crete slabs, 2 in. thick, with reinforcing rods 
projecting hooks, 
were fastened to the cables. Roof was then 


laterally and shaped into 


prestressed by overloading 50°/., placing con- 
crete in slab joints, and removing overload 
after concrete had hardened. 

Talk about simplicity! Clearly, the designers 
solved their problems by taking fullest ad- 
vantage of concrete’s flexibility and “doing 
what comes naturally.” 


Roof, supported by cables extending from concrete ring atop wall to steel ring at roof’s center, 
consists of 9000 concrete slabs 2” thick, hooked to cables; prestressed by overloading with 


brick, then concreting joints, later removing overload. 


LONE STAR CEMENT CORPORATION 


Offices: ABILENE, TEX. - ALBANY, N.Y. - BETHLEHEM, PA - BIRMINGHAM - BOSTON . CHICAGO. DALLAS - HOUSTON 
INDIANAPOLIS - KANSAS CITY, MO. - NEW ORLEANS - NEW YORK - NORFOLK - RICHMOND - WASHINGTON, DC 


LONE STAR CEMENT. WITH ITS SUBSIDIARIES. IS ONE OF THE WORLD'S LARGEST 
CEMENT PRODUCERS, 16 MODERN MILLS. 38.000,000 BARRELS ANNUAL CAPACITY 


*Reg. U.S. Pat. Off. 
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In ACI Journal next month 


In “Considerations for Construction of Subgrades and Subbases for Rigid Pave- 
ment,” by SUBCOMMITTEE I, ACI COMMITTEE 325, major problems in the design of 
rigid pavements are discussed. This approach to the study of subgrades and sub- 
bases is motivated by need for economy in solving pavement problems created by 
the nationwide variation in soil types. 


“Some Implications of Recent Diagonal Tension Tests,”’ by PHIL M. FERGU- 
SON, presents a hypothesis of unrestrained failure based on the observed crack- 
ing which occurs when a beam fails in diagonal tension without stirrups, and 
away from complicating loads and reactions. The hypothesis assumes each 
step in the cracking pattern as a tension failure which can be rationalized in 
terms of the conventional stress formula. 


“Conduction Calorimeter for Measuring Heat of Hydration of Portland Cement 
at Elevated Temperatures and Pressures,’ by N. C. LUDWIG and S. A. PENCE, de- 
scribes an apparatus for measuring continuously the rates and total amounts of 
heat liberated when cement compositions and water react at temperatures from 
80 to 350F with pressures varying from atmospheric to 10,000 psi. Typical test 
results obtained on portland cement pastes cured at 100F and at various pressures 
show that the rates and total amounts of heat liberated are increased by pressure 
at early ages. 


India’s Bhakra Nangal project for irrigation and power is described in 
“Bhakra Dam—Design and Construction Features.” The dam is a 680 ft high 
gravity structure; an auxiliary diversion dam, the Nangal-Hydel Canal with 
its two power plants, and the Bhakra Canals and their distributory systems 
are part of the same project. General features of Bhakra Dam, including geol- 
ogy of the site, layouts, galleries, outlets and spillway, foundation, and con- 
struction are included. The report is by C. L. HANDA and O. P. CHADHA. 


“An Expression for Creep and Its Application to Prestressed Concrete,’ by CEVDET 
Z. ERZEN, presents a simple expression for total strain (elastic plus creep). The equa- 
tion for the total strain is used in determining the loss of stress in prestressed 
beams due to creep of concrete. Resulting analysis indicates that losses in the pre- 
stressed beams may be calculated if the variation of modulus of elasticity of concrete 
with time, and the creep equation of concrete are known 


An empirical method of prec'cting the strength of concrete based on early 
test results is presented in MYR N L. GORAL’S paper “Empirical Time-Strength 
Relations of Concrete.’’ The m..hod uses standard statistical procedures. Two 
assumptions are made: (1) For a given mix, udder given conditions of mix- 
ing, placing, and curing, the concrete strength in compression, fiexure, and 
shear is a function of time. (2) At zero time (when concrete is placed), the 
strength is zero, i.e., the time-strength curve passes through the origin of the 
coordinate system. 
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Structural Design Considerations for Pavement Joints* 


Reported by Subcommittee II1, ACI Committee 325 


E. A. FINNEY 


Chairman 


SYNOPSIS 


Considerations are presented for the structural design of joints in 
concrete pavements for highways and airports. A description, func- 
tion, and classification of joints; assumptions and materials to be 
used; and joint design details are included. Special consideration is 
given to applicable design criteria for tie bars and dowels 


INTRODUCTION 


It is recognized that unanimous agrcement is not likely on all details of design 
practice with regard to common types of joints in concrete pavements for both 
highways and airports. This is due, in part, to variations in conditions, particula 
ly climate and trathe volume, for which provisions must be varied in different 
arcas, and In part to the lac k ol established theoretic al guidance coupled with con 
flicting observations of the performance of similar designs in different localities 
The discussions which follow are applicable in certain cases only to highway pave 
ments and in others only to airport pave ments, although some have 


t 


to both conditions. 


Because of its inherent weakness in tension, concrete is highly susceptible t 


cracking under tensile stresses induced by volume changes due to temperature 


fluctuation, autogenous shrinkage of the concrete at early age, and other causes 
The nearest approach to obtaining an ideal concret pavement Comparative ly free 
from cracks has been that of dividing the pavement into a series of slabs by intro 
duction of joints of one kind or another, the slabs being as long as possible con 
sistent with practical design requirements and within economic limitations. De 
pending on their design, the function of joints is to maintain within safe limits 


the stresses caused by expansion, contraction, and warping of the concrete. 


*Received by the Institute May 1, 1956. Title No. 53-1 is a part of copyrighted JOURNAL oF 
THE AMERICAN CONCRETE INSTITUTE, V. 28, No. 1, July 1956, Proceedings V. 53. Separate prints 
are available at 50 cents each. Diseussion (copies in triplicate) should reach the Institute 
later than Nov. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 

The report was submitted to the main committee (17 members) with 15 voting affirmatively 
and none negatively 


not 
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Classification and function of joints 


All types of joints fall in one of three basic categories, namely, expansion, con- 
traction, and hinge or warping. 

Expansion joints—As the term implies, the primary function of an expansion 
joint is to provide space for the expansion of the pavement and thereby prevent 
development of compressive stresses of damaging magnitude. When installed 
between the pavement and a fixed structure, such as a bridge, an expansion joint 
serves also to prevent the pavement fram exerting damaging pressures against 
the structure. Expansion joints also function as contraction joints. 

Contraction joints—The purpose of a contraction joint is to limit tensile stresses 
to a safe value. Since contraction joints must be free to open, the continuity of 
the reinforcement, if reinforcement is present, is interrupted at the joints. 

Basically, there are three types of contraction joints, namely, “groove joint,” 
“plate joint,” and “butt joint.” 


(1) Groove joint—This joint is created by forming a groove in the upper 
portion of the pavement. Purpose of the groove is to reduce the pavement cross 
section and thereby result in higher unit tensile stresses, which will cause a crack 
to form immediately below the groove, thus forming the joint. Methods em 
ployed to form the groove consist of (1) temporary embedment of a suitable 
mandrel, (2) installation of a thin strip of premolded joint filler material to the 
required depth, and (3) sawing the pavement after the concrete has hardened. 


In addition to the surface groove, a parting strip of wood, metal, or premolded 
material is sometimes provided at the bottom of the pavement, directly under 
the groove, to insure formation of a vertical crack and to further encourage early 
cracking of the concrete at the joint. 

(2) Plate joint—This joint is created by erecting a separator or parting strip 
on the subgrade. The separator, which usually consists of a metal plate or a thin 
sheet of some other rigid, noncompressible material, serves to interrupt the con 
tinuity of the pavement. A groove is usually formed in the concrete immediately 
above the separator to serve as a reservoir for sealing material. 

(3) Butt joint—This joint occurs where fresh concrete is placed against hard 
ened concrete. 

Hinge or warping joints—The term “hinge” or “warping joint” applies to any 
joint which permits hinge action but no appreciable separation of adjacent slabs. 
Hinge joints are intended primarily to relieve warping stresses. In contrast to 
contraction or expansion joints, appreciable changes in joint width are prevented 
by continuation of reinforcing steel through the joint, or by installation of stcel 
tie bars across the joint. In effect, a joint of this type acts simply as a hinge, that is, 
it merely permits abutting slabs to undergo a certain amount of vertical angulai 
displacement. 

Butt joints become hinge joints when adjacent slabs are held together with 
tie bars or reinforcing steel. 

Construction joints—This term applies to the joint necessitated by any prolonged 
stoppage of concreting operations, such as at the end of the day’s work, equip 
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ment breakdown, or delay in delivery of materials. It may be any one of the 
three joints—expansion, contraction, or hinge—depending on the features of the 
pavement design and prevailing practice. 

Longitudinal joints—Because of longitudinal cracking that has occurred ex 
tensively in highway pavements constructed with full-width slabs, it has become 
general practice to divide the pavement into lanes by longitudinal joints. 


Primarily, these joints function to relieve temperature warping stresses, and may 


be constructed in several ways. This joint may be an ordinary butt joint resulting 
from “lane-at-a-time” construction, or one created during full-width construction 
by embedding a metal or fiber plate in the concrete along the proposed line of 
the joint and so shaped as to create mechanical interlocking of slab edges; or it 
may be created by weakening the pavement with a deeply formed groove, sawing, 
or with an embedded strip of premolded material. Adjacent lanes are usually pre 
vented from separating and faulting by steel tie bars spaced at proper intervals. 
Under current practice the joint may or may not be sealed, depending upon 
the manner of construction or on factors associated with local design and con- 
struction policies. However, in accordance with good practice longitudinal joints 
should be properly sealed. 
Mechanical load-transfer devices 

Joints constitute points of structural weakness in a pavement. To overcome 
this weakness some form of load transfer should be provided even though pave 
ment thickness at the corner or edge is designed to carry the load without over 
stressing the concrete. Loads passing over a joint without load transfer may pro 
duce excessive deflections, resulting in permanent damage to the subgrade. This 
in turn may lead to excessive vertical displacement of slab ends and eventual fault 
ing at joints even though concrete stresses are not serious. 

Mechanical load-transfer devices may be divided into two major classifications: 

1. Those which develop within themselves resistance to shear but little or no 
resistance to bending; included are face-interlock types such as deformed plates 
and some proprietary makes of load-transfer devices. 

2. Those which develop within themselves resistance to both shear and a 
small amount of bending, of which the dowel bar is the most common. Most 
proprietary load-transfer devices employ this principle in their design. 
Mechanical load-transfer devices should possess the following attributes: 

1. They should be simple in design so that they may be practical to install 
and permit positive encasement by the concrete 

2. They should be capable of distributing load stresses throughout the adja- 
cent concrete in a manner such that these stresses will not exceed the allow- 
-ble design value. In this respect, it is especially important that high localized 
stresses in the concrete at the joint face be prevented 

3. They should offer no material restraint at any time to the opening of the 
joints. 

4. They should retain their mechanical stability under wheel-load weights 
and frequencies comparable to those for which the pavement itself has been 
designed. 

5. They should be constructed in a manner such as to meet specified per- 
formance requirements relative to load-transfer capacity. 

6. They should be resistant to corrosion (see Van Breemen”) 
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The conventional round steel dowel is used to a greater extent than any other 


mechanical load-transfer device. For any given load and pavement condition, 
it is recommended that all other mechanical load-transfer devices be equivalent 
in load-transfer capacity to that of a round dowel of the dimensions determined 
under “Load-Transfer Devices,” pp. 8, 13. 


Aggregate interlock 


Use of aggregate interlock to transfer loads across joints and to maintain mu 
tual alignment of abutting slabs is generally associated with nonreinforced pave 
ment. Experience indicates that aggregate interlock may be satisfactory as a 
means of load transfer only under unusually favorable conditions of joint open 
ing and foundation support. It is not satisfactory under a large volume of heavy 
commercial traffic. 


Assumptions 


As a prerequisite to the following recommendations on joint design, it is as 
sumed that the concrete will be of first-class quality and that the pavement will 
be constructed on a subgrade or subbase which, in addition to possessing the re 
quired degree of stability, is not susceptible to pumping. 

Further, it is assumed that all joints will be sealed with suitable sealing mater- 
ials under proper workmanship to prevent water and solid foreign materials 
from entering the joint. 


Materials 


The following indicate the basis and limitations of specification requirements 
covering the quality of materials used in joint design and construction. 

Dowels—Material for dowel bars should conform to the requirements for inter- 
mediate or hard-grade steel of the current specifications for billet-steel bars for 
concrete reinforcement (ASTM A 15); rail-steel bars for concrete reinforcement 
(ASTM A 16); or axle-steel bars for concrete reinforcement (ASTM A 100). 

Deformed tie bars—Material for tie bars should be structural, intermediate, or 
hard-grade steel conforming to current specifications for billet-steel bars or axle 
steel bars for concrete reinforcement (respectively, ASTM A 15 and A 160), or 
rail-steel bars (ASTM A 16). 

Deformations of tie bars should conform to minimum requirements for defor 
mation of deformed bars for concrete reinforcement (ASTM A 305). 

Joint fillers—Expansion joint filler should conform to current specifications for 
preformed expansion joint fillers for concrete (AASHO M 153-52 or AASHO 
M 90). 

Joint-sealing compound—Sealing materials should conform to requirements of 
federal specifications for joint sealing: SS-S-164—sealer, hot-poured type; SS-S- 
(0167—sealer, hot-poured, jet-fuel-resistant type; SS-S-156—sealer, cold application, 
emulsion type; or SS-S-159—sealer, cold application, mastic type; or SS-S-170— 
sealer, joint, two-component, jet-fuel-resistant, cold applied. 
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STRUCTURAL DESIGN OF JOINTS IN CONCRETE HIGHWAYS 


Expansion joints 


The width of expansion space per joint and the total expansion s 


pace needed 
are governed by pavement design details, a 


geregates used, and local climatic con 
ditions. Current design practice, for practical reasons, limits the maximum width 
of expansion joint openings to 1 in. The more common opening is *% in. To pro 
vide more than 1 in. expansion space at any special location, such as bridges and 
railroad crossings, where it is desirable to limit compressive forces to a safe value 


it is recommended that two or three expansion joints of standard width at spac 


ings of approximately 20 ft be installed. This need apply only in cases where ex 
pansion joints are omitted as general practice, 

Mechanical load-transfer devices are necessary at expansion joints. Methods tor 
determining the size, length, and spacing of dowels are considered under “Load 
Transter Devices,” p. 5. 


At expansion joints, the sliding ends of the dowels must be enclosed in a clos 


fitting metal cap or thimble to provide space for movement of the dowel in the 
concrete during an expansion cycle. The space should be equivalent to the width 
of the expansion joint, plus 4% in. 

The moving portion of dowel bars in expansion joints must be treated properly 


to prevent bond and to reduce joint friction, Treatments for this purpose generally 
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Fig. 1—Recommended design details for highway transverse expansion joint 


consist of a paint coat of red or blue lead followed by a coating of lubricating 
grease ol the mineral type; or single coat applications of lubricating grease, as 
phaltic cut-back materials of grades RCI or RC2, or asphaltic oils of grade MC2. 

The joint filler should be so fabricated as to accommodate the specified load 
transfer devices and permit sealing at the top of the joint. To permit adequate 


sealing, the top of the filler material should be placed 


4 oO 1 in. below the pave 
ment surtace. 


Recommended design details for expansion joints are shown in Fig. 1. 


Contraction joints 


Contraction joints may be formed in different ways. The type selected is gen 


erally determined by construction conditions and local design poli y 





JOURNAL CF THE AMERICAN CONCRETE INSTITUTE 


-— SEALING COMPOUND 


& VARIABLE - ~ 1/4” RADIUS 





144 TO (/6h 








; GROOVE TYPE 


t 





4 


LUBRICATED SMOOTH DOWEL BAR 


SEALING COMPOUND 


te s 








BUTT TYPE 





Pe Bs gs 
FIRST SLAB. , 
SESE ies ae te 





- 
2 
% 

L 





LUBRICATED Zeurr JOINT FORMED 
SMOOTH DOWEL BAR WITH HEADER SHAPED 
TO CROSS SECTION 


Fig. 2—Recommended design details for highway transverse contraction joints 


*Width at least twice ennual variation in joint width but not less than 1/8 in 


Groove—The groove contraction joint is more widely used than any other. In 
general, the depth of the surface groove should be not less than 1/6 nor more than 
4 the thickness of the pavement. Depth of the groove may be decreased to not 
less than 14 in. if a groove is also formed at the bottom of the pavement by in- 
stalling a parting strip of suitable height (1 in.) on the subgrade and in the same 
vertical plane as the surface groove. Depth of the groove plus the height of the 
parting strip should not exceed 1/3 the pavement thickness. The width of the 
groove should be at least twice the annual variation in joint width, but not less 
than 1/8 in. This recommendation is made to facilitate sealing of the joint and 
to insure that the joint will remain in a sealed condition; however, it may be 
waived if test results or experience records indicate that the joint sealer to be 
used performs adequately with narrower joint openings. 

Experience has demonstrated that the groove may be formed successfully by 
sawing the concrete at a proper age. A groove conforming to above dimensions 
may be obtained by using two saw blades separated by spacers of proper thickness. 

Mechanical load-transfer devices are recommended under all conditions where 
joint spacing exceeds 20 ft, and at lesser spacings where service conditi+ns are 
severe. When dowels are used, proper provision must be made to prevent bond 
and reduce joint friction (see paragraph 4, p. 5). 

Flat plate—A thin transverse strip of material is left in place to form. the joint. 
The strip should be capped in a manner such that when the cap is removed 
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will form a groove adequate for filling and retaining joint-sealing material. Load 
transfer devices are recommended under all conditions of joint spacing. 


Deformed plate—Recently, plates with horizontal deformations or corrugations 
have been used for the dual purpose of forming the joint and providing mechan 
ical interlock. In the absence of conclusive performance data, no design recom 
mendations can be made at this time. However, design features of this joint indi 
cate that it should not be used when slab lengths exceed 20 ft (see “Aggregate 
Interlock,” p. 4). 

Butt—This is essentially a construction joint which should be treated in the man 
ner of other types of contraction joints requiring load-transfer devices. 

Recommended details for contraction joints are illustrated in Fig. 2 


Hinge or warping joints 


There are two types of hinge joints, namely, groove and formed tongue-and 
groove. They are used in longitudinal joint construction. At hinge joints, sep 
aration of abutting slabs is prevented by bonded steel tie bars or two piece con 
nectors. Load transfer is accomplished by aggregate or mechanical interlock and 
to some extent by the tie bars. Determination of size, length, and spacing of tie 
bars is treated on p. 13. 

Groove—Although the formed groove method is more commonly used, forma 
tion of the groove by cutting the pavement with a concrete saw is rapidly taking 
its place and the latter is preferentially recommended. 

Tongue-and-groove—The essential elements of this joint are the formed tongue 
and-groove, which provide load transfer, and deformed tie bars to hold the 
slabs in intimate contact. The tongue-and-groove may be formed in full-width 
construction by a preformed metal plate left in place. In lane-at-a-time construc 
tion it is recommended that the desired groove in the slab edge be formed by us 
ing deformed metal strips attached to the forms. 

Top edges of the butt type of hinged joint should be finished with a groove so 
that the joint may be sealed effectively. 

Recommended design details for hinge joints are illustrated in Fig. 3. 


Tie bars 


Tie bars hold the faces of abutting slabs in intimate contact, thus insuring ade 
quate load transfer. Tie bars are not designed to act as load-transfer devices. Tie 
bars are designed to withstand the maximum tensile forces required to overcome 
friction between pavement and subgrade, from the joint in question to the 
nearest free edge. 

Recommended sizes, lengths, and spacing of tie bars for different pavement con 
ditions are presented in Table 1. The basis for these recommendations is covered 
on p. 13. 

Use of bent tie bars which are later straightened out, as in lane-at-a-time con 
struction, is not recommended, Instead, it is recommended that an approved two 
piece connector be used. Tensile strength of such connectors should be at least that 
of conventional tie bars which would be required for a given pavement design. 
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Fig. 3—Recommended design details for highway longitudinal hinge or warping 
joints 


Load-transfer devices 


The load-transfer device most generally employed consists of a plain round steel 


bar, commonly referred to as a dowel bar assembly or doweling system. 
Design of the doweling system is, of course, dependent on the loads for which 
the pavement 1S designed. Dowels should be of such dimensions as to safely re 
sist the shearing and bending stresses induced in the dowels by loads standing 
on or moving across the joint in combination with the stresses produced by warp 
ing or permanent curling of the concrete, and they should have sufficient bearing 
area so that the bearing pressure between dowel and concrete will not be excessive. 
The required spacing of dowels is dependent on design requirements for the 
ivement as a whole. Theory, research, and experience indicate that individual! 
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TABLE 1—RECOMMENDED MAXIMUM SPACING FOR '2- AND %-IN. TIE 
. BARS* 


44-in. diameter bars 5,-in. diameter bars 
py Working Pavement Spacing, in.t Spacing, in.t 
anc 


- oO ll oO ll 
grade of stress, thickness, ‘toe Lane Lane Lane a Lane Lane Lane 


steel ' psi om. ian width width width in width width width 
: 12 ft 
Structural grade 


billet or axle 
steel 


48 
48 
45 
22,000 40 
Intermediate 
grade billet 


or 
axle steel 


- 
SCeEORmyAD COBNDS 


_ 


Rail steel 
or 
hard grade 
billet or 33,000 
axle steel 


cane 


27 


_ 
= 


*Deformations of tie bars conforming to ASTM A305. Working stress based on 0.67 of minimum yield 
point strength of steel. Over-all length includes 3-in. allowance for centering 
tIt is recommended that spacing of tie bars should not exceed 48 in. 


dowels must be closely spaced for efficient performance. This is equally applicable 
to proprietary load-transfer devices. In current practice the spacing ranges from 
12 to 15 in. 

Recommended minimum practical requirements for dowels for various pave 
ment thicknesses are presented in Table 2. These recommendations are based on 
the procedure for the design of load-transfer devices presented under “Determin 
ation of Size and Spacing of Round Dowels,” p. 15. 

Recommendations for load transfer at joints have been based on the most com 
monly used type of load-transfer device, the common round steel dowel. If propri¢ 
tary load-transter devices are used in lieu of dowels they must have, for the given 
conditions, a load transter Capacity equal to or better than that of the recomm« nded 
dowel. 


Dowel supporting assemblies 
The general use of dowels has encouraged development of many different 


. TABLE 2—MINIMUM RECOMMEND- 
during concreting. Hows ver, the fab ED DOWEL REQUIREMENTS FOR EX.- 
ricated wire frame is perhaps the type PANSION OR CONTRACTION 
most commonly used. Certain propri JOINTS IN HIGHWAY CONSTRUC- 
tary load-transfer devices depend upon TION 


the joint filler or a special plate to hold 


assemblies to hold the dowels in place 


Pavement Dowel Dowel Dowe! 
thy m in position. thickn: ss diameter length f pac 


i n i n 


¥ 


Supporting assemblies should be su! . “ 
ficiently rigid tO Maintain proper hor 8 + 
9 18 1 

zontal and vertical alignment of the 10 ( 18 1 


] ? 

( Wil a tolera ( A ) 
dow is, W hin , ran ol in | cr For practical reasons adjustments have been made 
foot of dowe | le neth during the entire > the theoretical requirements as presented in Table 

s ; s ) 
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concreting operations. Spring-type clip devices to hold dowels in place are not 
recommended. Width of the assemblies should be consistent with dowel length, 
but should not be less than 15 in. for proper stability. 

On subgrades of cohesionless granular materials some means of preventing 
the assembly from settling during placing of the concrete should be provided. 
This may be accomplished by attaching metal plates to the lower members of 
the assembly, or by placing the assembly on a wide, continuous base plate. 


STRUCTURAL DESIGN OF JOINTS IN AIRPORT CONCRETE RUNWAYS 


The same essential engineering problems encountered in highway pavements 


are encountered in the construction of airport runways. Airport pavements con- 
structed in accordance with accepted standard practices used in highway construc- 
tion will have similar joint design characteristics. In airport pavements, however, 
there are certain additional factors to satisfy aircraft operations. Highway design 
considers not only the magnitude of wheel loads but also the frequency of their 
application to certain critical locations on the pavement, whereas in the case of 
airports, the frequency of load application is important primarily on taxiways, 
aprons, and runway ends where aircraft traffic is channelized. This channeliza 
tion does not occur on the main portion of the runway. On the other hand, air- 
port pavements must be designed to accommodate wheel loads considerably 
heavier than those found in current commercial highway vehicles. Thus, air 
port requirements necessitate somewhat different procedures resulting in joint 
design and pavement thicknesses materially different from those required for 
highway pavement. 

Joint design recommendations applicable to both types of pavement construc 
tion already covered in the previous text have been omitted to avoid unnecessary 
duplication. 


Expansion joints 


In airport work involving large paved areas, certain longitudinal and trans 
verse joints are constructed as expansion joints. 

Longitudinal—Recommended longitudinal expansion joint design details are 
shown in Fig. 4. Dowels should not be used at longitudinal expansion joints, but 
the edges of the slabs along the joints should be thickened to at least 1.25 times 
normal slab thickness. Thickness of the joint filler should be % in. 

Transverse—It is recommended that the joint filler for transverse expansion joints 
should be not less than % in. nor more than 1 in. thick (see Fig. 5). 


Contraction joints 


Groove—The groove contraction joint is recommended. The groove should be of 
sufficient width and depth to perform its function and to permit proper sealing. 
When the groove is made by a removable mandrel, the top edges should be care 
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Fig. 4—Recommended design details for airport runway longitudinal joints 


ve nd ¥ ed ming Ww 


fully formed and finished with an edging tool. In general, depth of groove may 
range from 1/6 to % the thickness of the slab. Within these limits the depth should 
never be less than 1% in., nor less than 1/6 the thickness of the slab, nor less than 
the maximum size of aggregate, whichever is the greater. The groove may 
be formed by sawing the pavement after the concrete has hardened, 

Keyed and butt (construction joints )}—TVhese joints naturally result from lane 
at-a-time construction operations and may be constructed either with a key 


(tongue and yroove interlock ), with or without tie bars, or as a plain butt joint 
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Fig. 5S—Recommended design details for airport runway transverse joints 


with smooth dowel bars. In either case the edges should be finished with a groov- 


ing tool or otherwise constructed so as to form a slot along the joint of such di 


mensions that it can be sealed with an approved sealing compound. Recom- 


mended design details are shown in Fig. 4. 


Hinge cr warping joints 


Depending upon design requirements, hinge or warping joints may be con- 


structed as groove joints, tongue-and-groove joints, or as plain butt joints, In all 


three cases, tie bars must be employed to hold abutting slabs in intimate contact. 
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Details for this type of joint construc TABLE 3—RECOMMENDED DOWEL 
tion are shown in Fig. 4. REQUIREMENTS FOR LONGITUDI- 
; NAL BUTT JOINTS, TRANSVERSE EX- 
Tie bars PANSION, CONSTRUCTION, AND 
CONTRACTION JOINTS IN AIRPORT 

The diameter, length, and spacing CONSTRUCTION 


of tie bars for ferent grades of Cc 
2 rs fo differ pr | Ml steel Pavement Dowel Dowel Dowel 


thickness, | diamet lengt! 
may be determined by the equations a ~egnl aes an — — 


or graphs to be found in the following : 


‘ 
section dealing with the design of tic 


bars. However, the recommended min 
imum diameter of tie bars for airport 
work is %% in. The recommended range 


of tie bar length is 30 to 36 in. at a 


eee 


spacing of 30 in. on center. 


Load-transfer devices 


Some form of mechanical load transfer is recommended at all transverse ex 
pansion and construction joints as well as at butt longitudinal construction joints. 
Recommended size, length, and spacing of dowels for load transfer are shown in 
Table 3. 

Dowel bars must be properly treated to prevent bond and reduce joint friction. 
Treatments for this purpose generally consist of a paint coat of red or blue lead 


followed by a coating of lubricating grease o 1 mineral type, or single coat ap 
foll 1 by ting of lul ting g f th 1 tyy gl | 
plications of lubricating grease, asphaltic cut-back materials of grades RCI or 
RC2, or asphaltic oils of grade MC2. 


DETERMINATION OF SIZE, SPACING, AND LENGTH OF TIE BARS 


The function of tie bars is to resist tensile forces which tend to separate the 
slabs on each side of a joint. Tie bars are not designed and are not intended to 
serve as load-transfer devices. However, in holding the slab faces together at 
a joint they do permit interlocking action across the joint face, which effects 
load transfer across the joint. The tensile force which tie bars resist is the force 
of subgrade resistance between pavement and subgrade from the joint designed 
to the nearest free edge. 


Size and spacing 


The recommended cross-sectional area of tie-bar steel per foot length of joint 
may be obtained from Eq. (1). 

A, L'’Fw/f, (1) 

A, area of steel, sq in., required per foot of joint 


L distance in ft between the joint in question and the nearest free joint or 
edge 
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F = coefficient of subgrade resistance between pavement and subgrade (usu- 
ally taken at 1.5) 
w = weight per sq ft of slab in lb = (12.5 average thickness ef slab in in.) 
{, = allowable working stress of steel, psi. A value of 0.67 of the yield point is 
recommended. 
Table 4 gives the recommended allowable working stresses for various grades 
of billet steel. 


TABLE 4—RECOMMENDED ALLOWABLE WORKING STRESSES FOR BILLET, 
AXLE, OR RAIL STEEL FOR TIE BARS 
ASTM Designation: A 15-52T, A 160-52T, and A 16-52T 
Yield point Recommended 
Type and grade of steel (minimum), working stresses,* 
psi psi 


Billet and axle steel, 

structural grade 33,000 22,000 
Billet and axle steel, 

intermediate grade 40,000 27,000 
Rail steel or billet and 

axle steel, hard grade 50,000 33,000 


*Based on 0.67 of the minimum yield point 


The selected size and spacing of tie bars should be such that the cross-sectional 
area of steel in square inches, per foot of joint, is at least equal to the amount 
given by the above formula. Fig. 6, 7, and 8 may be used for selecting the size 
and spacing of tie bars for different types and grades of steel. 


Length 


A tie bar should be long enough to provide sufficient anchorage on each side 
of the joint to develop the allowable working strength of the tie bar. In addition, 
an allowance should be made for inaccurate centering of the tie bar. A 3-in. allow 
ance is recommended, Expressed as a formula, this becomes: 


2f,A, 


ly uQ 


+ 3in 


length of tie bar, in. 

allowable working stress of steel, psi [use same value employed in solv- 
ing Eq. (1)] 

cross-sectional area of one tie bar, sq in. 

perimeter of tie bar, in. 

allowable bond stress. The maximum working stress fer bond in deformed 
bars (deformations meeting ASTM A 305) is generally taken as 0.10 of the 
compressive strength of the concrete, up to a maximum of 350 psi. It is 
permissible to use this maximum value in the design of tie bars, since pav- 
ing concrete should have a compressive strength in excess of 3500 psi. For 
plain bars or bars not meeting the requirements of ASTM A 305, the al- 
lowable bond stress should be limited to 0.045 of the compressive strength 
of the concrete or 158 psi for 3500-psi concrete. 


The lengths of the tie bars given in Fig. 6, 7, and 8 agree with Ea. (2). 
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Fig. 6—Maximum spacing for typical tie bar diameters for various pavement thick - 
nesses and lane widths—structural-grade billet or axle steel 


DETERMINATION OF SIZE AND SPACING OF ROUND DOWELS 


Determination of dowel diameter and design of the doweling system is based on 
the followiag recommended design criteria. The doweling system is designed with 
sufficient strength to transfer one-half of the assumed pavement design wheel load 
across the joint with a safe bearing pressure between the dowel and the supporting 
concrete, 


1. The design wheel load is considered compatible with the supporting ability 
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Fig. 7—Maximum spacing for typical tie bar diameters for various pavement thick- 
nesses and lane widths—intermediate-grade billet or axle steel 














of the pavement structure and not necessarily with the legal wheel load. 

2. The doweling system must be capable of transferring one-half the design 
wheel load. 

3. The design wheel load is considered to be acting at corner of slab over the 
outside dowel. 

4. Bearing pressure on the concrete rather than the bending stress or shear- 
ing in the dowel controls the design of the dowel. 

5. Allowable bearing stress in the concrete at the joint face and under the 
dowel is based on theoretical considerations and laboratory experimentation 
developed by Friberg* and Marcus.* 
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Fig. 8—Maximum spacing for typical tie bar diameters for various pavement thick 
nesses and lane widths—rail steel or hard-grade billet or axle steel 


6. Capacity of a dowel to transfer load across a joint is based on the theory 
developed by Timoshenko and Lessels,’ which is applicable to an clastic struc 


ture extending into an elastic mass an infinite distance from its boundary sur 
face 

7. The number of effective dowels is determined in accordance with criteria 
developed by Friberg‘ in which the effectiveness of adjacent dowels decreases 
linearly to zero at a distance from the load equal to 1.8 times the radius of rela- 
tive stiffness of the pavement slab. The radius of relative stiffness is a linear 
dimension relating the relative stiffness of the pavement slab to that of the sub- 
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grade. It is based on a physical concept necessary in the pavement design theory 
developed by Westergaard.’ 

8. The effective length of embedment is considered that portion of the dowel 
which is in direct bearing on the concrete. In the case of expansion joints, the 
length of dowel normally covered by the expansion sleeve is excluded. However, 
for practical reasons the length of embedment of dowels in expansion and con- 
traction joints is considered to be the same. Tests indicate that in the case ef 
¥%-in. dowels, maximum performance is obtained when the length of embedment 
is approximately 8 times the dowel diameter, but this value tends to decrease 
as the dowel diameter increases (see Fig. 14). 


Load-transfer capacity of single dowels 


The following analysis of the behavior of a round dowel and its capacity to 
transfer load across a joint is based on the theory developed by Timoshenko and 
Lessels' which is applicable to an elastic structure extending into an elastic mass an 
infinite distance from its boundary surface. A general mathematical solution for 
this condition has been developed by Friberg,’ and applied to the deflection of 
dowels at joints in concrete pavements. The solution is presented in Fig. 9. 

One of the problems involved in the analysis is a proper selection of the modulus 
of support G | Eq. (3), Fig. 9|. Table 5 indicates that previous investigations have 
produced a wide range of values for this term. Testing procedures have varied be- 
tween investigators, but it also appears that G is susceptible to variation between 
specimens tested in a given way. A study of these investigations seems to indicate 
that the smaller diameter dowels produce a resulting G which is higher, and as the 
dowel diameter increases, the resulting G decreases. A value for the modulus of 
support G of 1,500,000 Ib per cu in. has been selected for this recommendation. If 
the selection of G is too low, the calculated bearing pressure for a given amount of 
load transfer across the dowel will also be too low, thus reducing the factor of safety. 


In selecting G it should be mentioned that we are considering only the effects of 


TABLE 5—G VALUES FROM VARIOUS SOURCES 


Modulus of dowel reaction, G | 


Range, Ib Average, Ib Source Remarks Bibliography 
per cu in, per cu in, 


Max. 2.5 10° 500 {f.’ Friberg Tests on embedded 
dowels — 1938 


! 

0.3 to 1.5 10° Grinter Estimation 
| 

| 


0.71 to 1,17 10° 0.92 x10° MSHD* Load -deflection test 
data—1947 


0.78 to 5.89 «10° 2.30 10° MSHD* Tests on embedded | Not 
dowels— 1947 published 


0.89 to 8.3 «10° 2.56 K10° Marcus Dowels with uniform 3 
bearing pressure 


Not known 2.45 «10° Loe Rage peteation tests 
| 2 


0.9 to 8.6 X10° 2.5 K10° Tests on embedded Not 
| dowels —-1954 published 


*Michigan State Highway Department. 
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Fig. 9—Mathematical theory applicable to a round dowel in a concrete mass 
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TABLE 6—CONCRETE BEARING STRESSES IN RELATION TO DOWEL 
DIAMETER 


Ultimate Allowable Factor 
compressive Bearing stress bearing of 
Dowel diameter strength at failure stress* safety 
in of concrete fr’ : fr’, f»” 
e psi ps fr 
psi 


3780 9873 3200 3 08 
3100 
3850 9020 2.2 3000 
2900 
2800 
2650 
3530 B: 2500 
3610 av 2000 


*As recommended ty ACI Committee 325 
tData from Marcus 


TABLE 7—ALLOWABLE LOAD-TRANSFER CAPACITY OF DOWELS’ 


Bearing Bearing 
stress for Allowable stress for Allowable 
Dowel | Joint | 1000 Ib | Allowable load Dowel = Joint | 1000 Ib | Allowable | load 
diameter, | width, load bearing transfer || diameter, width, load bearing transfer 
in. in. transfer, stress, capacity, om. in. transfer, | stress, capacity, 
psi psi Ib psi i psi Ib 


0.00 2370 3200 1350 0.00 970 2800 2890 
0.25 2630 1220 0.25 1040 
0.50 2890 1110 0.50 1120 
0.75 3150 1020 0.75 | 1190 
1.00 3420 940 1.00 | 1260 
1.50 3940 810 | 1410 


0.00 1810 1710 820 
0.25 1990 1560 . 880 
0.50 2170 1430 ’ ° 940 
0.75 2350 1320 ° 1000 
1.00 2530 1230 1050 
1.50 2880 1080 1170 


0.00 1430 2100 | 700 
0.25 1560 } 1920 r 760 
0.50 | 1690 1780 4 of 800 
0.75 1820 1650 . 840 
1.00 | 1940 ° | 1540 , 890 
1.50 2200 1360 : 980 


0.00 1160 2500 430 
0.25 1260 2300 . 450 
0.50 1360 2140 ' 470 
0.75 1450 2000 | 0. 490 
1.00 1550 1870 520 
1.50 1740 1670 1.50 





*Based on G 1,500,000 lb per cu J 29,000,000 psi 


the concrete mass around the dowel. Some discussion has appeared in the literature 
on the effect of subgrade support beneath the pavement at the joint and its influence 
on G. The modulus of subgrade support & will influence the deflection and curva 
ture of the pavement slab in the vicinity of the joint. It is our considered opinion, 
however, that the pavement curvature is of such a large radius that its influence on 
bending stress in the dowel and bearing pressure between the concrete and the 
dowel is not appreciable. Therefore, pavement curvature will have little effect on 
G. 

It can be demonstrated by proper substitution in the equations in Fig. 9 that in 
every case the bearing pressure on the concrete rather than the bending stress or 
shearing stress in the dowel controls the design of the dowel. It has been shown by 
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Fig. 10—Concrete bearing stresses in relation to dowel diameter 


Marcus” that ultimate bearing stress varies also with the dowel diameter. Data de 
termined by Marcus and others are shown in ‘Table 6. Ultimate bearing stresses and 
recommended allowable bearing stresses for various dowel diameters are illustrated 
in Fig. 10. 
Calculation of the bearing pressure on the concrete for 1000 lb of load transfer 
is illustrated below. 
Example: 1-in. diameter dowel 
0.25 in. width of joint opening 
P 1000 Ib acting on dowel at slab face 


ra‘ 3.1416 
4 64 


(1.0) 0.0491 in.' 
Gd . (1.5 & 10°) 


A= 0.716 > 
P= NiGEI ~ V4(29 x 100.0491 130 perm 


"pn : 1000 
Pr (2+ BW) 


; = {2 + (0.716)0.25 1042 * 10°* in 
19k I 4(0.716)(29 & 10°)0.0491 ' bitten 


S, = Gy. 15 X& 10°(1.042 &K 10°) 1563 psi, say 1560 psi bearing stress 
Since the recommended allowable concrete bearing stress for a 1-in. dowel is 3090 
psi, the allowable load-transfer capacity for a 1-in. dowel is 


3008 
50) 5 1000 = 1923 Ib, say 1920 Ib 
1500 


fe similar be aring-pressure values and load transter capacity values have 


I 


11 
been calc ulated Or d we | sizes trom % to 2 in. and for variable joint widths. 
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Number of effective dowels 


The number of dowels effective in transferring load across a joint depends on 
pavement thickness and modulus of subgrade support &, as well as spacing of the 
dowels. Since corner loading is the most critical condition from the standpoint of 
dowel design, this condition of loading is recommended as a basis for selecting the 
size and spacing of dowels. The wheel load is considered as acting over the outside 
dowel, which is a half dowel spacing from the edge of the pavement. 

In this recommendation, the spacing of dowels has been standardized at the 
spacing which is most often used, that is, 12 in. For balanced load-transfer design 
between the edge of the pavement and the center, a variable spacing, smaller at the 
edges and greater at the center, would be the optimum. However, this is not practical 
and, therefore, a uniform spacing is recommended. 

The number of effective dowels can be determined by using the criteria devel 
oped by Friberg” in which the effectiveness of the dowel directly under the point 
of loading is 1.0. The effectiveness of adjacent dowels decreases linearly as the 
distance between the dowel and the point of load application increases, until at a 
distance of 1.8/ (1 = radius of relative stiffness) from the load, effectiveness of the 
dowel is considered zero. This is illustrated in Fig. 11. 

In cases where 1.8/ exceeds the average center-to-center spacing between dual 
wheels, certain dowels are stressed due to both sets of dual wheels on one axle. This 
would result in overstressing of certain dowels unless a correction was applied in 
the design for the number of fully effective dowels as computed in Fig. 11. A case 
when it is necessary to apply such a correction is illustrated in Fig. 12. 
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Fig. 12—Calculation of number of effective dowels when 1.8 / exceeds the average 
center-to-center spacing of dual wheels 

There are indications, however, that this theory may not hold true in practice. 
Load tests conducted by the Bureau of Public Roads®* on doweled joints where the 
number of dowels was progressively reduced by cutting, indicated that two, or at 
most, four dowels did practically all the work. It is believed that this is due to de 
partures in practice from the ideal conditions assumed in the theoretical treatment. 

Common values for the radius of relative stiffness are shown in Table 8 based on 
E, modulus of elasticity of the concrete = 5,000,000 psi, and Poisson's ratio p 


0.15. Table 9 contains the number of effective dowels for various design conditions. 
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TABLE 8—RADIUS OF RELATIVE 
STIFFNESS FOR VARIOUS PAVE- 
MENT THICKNESSES AND SUB- 
GRADE SUPPORT VALUES 
ta-.|_ 2” 
Vi2(— pak 
Pave 
thick 


ness h, 
in. k «50 k «100 k =200 


Radius of relative stiffness (1), in. 


k =300 


6 36.82 
7 41.39 
8 45.79 
9 50.03 
10 54.17 
11 58.13 
12 61.96 


30.97 
34.83 
38.48 
41.96 
45.58 
48.80 
52.13 


26.06 
29.28 
32.40 
35.31 
38.25 
41.09 
43.77 


23.58 
26.45 
29.33 
31.94 
34.53 
37.10 
39.61 


*Based on modulus of elasticity of 
5,000,000 psi; Poisson's ratio «0.15. 


TABLE 9—NUMBER OF EFFECTIVE 

DOWELS FOR LOAD TRANSFER 

ACROSS A JOINT FOR CORNER 
LOADING 


concrete 


Pave 
ment 
thick 
ness, 

in k = 50 h 100 k = 200 k 300 


Dowels spaced at 12 in. 


6 3.29 
7 3.36 


2.47 
2.72 
2.95 
3.16 2.91 
3.38 3.10 
4.38 3.31 
3.38 3.36 


2.29 
2.49 
2.73 


9 4.46 
10 3.54 
11 3.63 


2 
5 
8 4.37 5 
5 
4 
i) 
12 3.72 3 


*Based on modulus of elasticity of concrete 
5,000,000 psi; Poisson's ratio «0.15. A reduction in 
the number of effective dowels has been made when 
1.81 exceeds the average center-to-center spacing of 
dual wheels which is taken as 5 ft. 9 in. This prevents 
overstressing of the dowels due to the overlapping 
effect on the wheels 
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Selection of proper dowel size 


The load-transfer capacity of a sys- 
tem of dowels of a given diameter is 
the product of (1) the individual ca- 
pacity of the dowel and (2) the num 
ber of dowels which are effective in 
transferring wheel load across the joint. 
Items 1 and 2 have previously been 
evaluated for a wide range of dowel 
diameters and pavement design con 
ditions. It is therefore possible to check 
and see whether a given size of dowel, 
at a 12-in. spacing between dowels, is 
sufficient to transfer one-half of the de 
sign wheel load across the joint. How 
ever, such a checking procedure would 
be tedious for design purposes, and 
therefore a direct method for deter 
mining the proper dowel diameter for 
load transfer for a given design wheel 
load and other related design considera 


tions is shown in Fig. 13. 


For example, knowing the design 


values for subgrade modulus, pave 


ment thickness, design wheel load, and 
yornt width, the proper dowel diamete r 
determined from. the 


can be graphs 


in Fig. 13 in the following manner: 


Starting with a known k at the left edge of diagram A, proceed horizontally 
to the right to an intersection with a curve, indicating pavement thickness. At 
this point, proceed vertically to an intersection with a curve in diagram B rep- 
resenting load-transfer capacity, which is considered to be one-half of the de- 
sign wheel load. From this point on the curve, project a line horizontally to the 
left until it intersects, in diagram C, a vertical line representing a certain joint 


width value. The position of the point of intersection of these two lines, with 


respect to a curve representing dowel diameter, will indicate the proper diam- 


eter of dowel to be used 


An example, represented by dash lines and arrows on 


the graph, indicates that a dowel diameter of 1', in. should be used for design 


conditions selected 


\ 


Checking this trom the beginning, we may obtain from Table 7 that a 1'-in. 


dowel for a joint width of 


lb. Then from Table 9, for a pavement thickness of 9 in. and k 


, in. has an 


allowable load-transfer capacity of 2000 


200, we find 


that the number of effective dowels for transferring the design wheel load is 3.16. 


Theretore, 1! 
ring 2000 * 3.16 


s-in. diameter dowels spaced 12 in. apart are capable of transfer 


6320 |b of load across a transverse joint with a satisfactory bear 
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NUMBER OF EFFECTIVE DOWELS 


PAVEMENT THICKNESS 
DESIGN LOAD-TRANSFER < ‘ €000 POUNDS RESULTS 
INT WIDTH 374 NCH OOwe. OlAMETER 1 ve ince 


JAD TRANSFER CAPACITY EQUAL TO ONE ~HALF DESICN WHEE LOao 


Fig. 13—Dowel diameter selection chart for dowels spaced 12 in. on center 


ing pressure between the concrete and the dowels. This 6320 |b is slightly more 


than one-half of an assumed design wheel load of 12,000 Ib, which indicates that 


the dowel design is satisfactory, since this design procedure is based on one half 


ol the wheel load being transterred across the yOomnet. 


It is not intended at this point to discuss the proper selection of controlling con 

ONS, 1.¢ wheel load, pavement thickness, and subgrade modulu which 1S 
essary, and a prerequisite to the x lection ol the dowel SIZ Hows VCT, If should 

rT pointed out that the wheel load to be used for design purpose 

the maximum wheel loa p rmitted by law, but rather i should be 


t¢ 
! 


compatible with the supporting ability of the pavement structure 
form contunuity of support in slab and joint. For example, a 9-in. p 
with a subgrade mi dulus k ot 200 will h Ve a ompatible Ae vn 


p KI rely 13,500 |b tn accordans with ha (10) 
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TABLE 10—COMPARATIVE DIMENSIONS OF DOWELS REQUIRED FOR LOAD 
TRANSFER AT CONTRACTION AND EXPANSION JOINTS 


Exact dowel 
Pavement Subgrade Design wheel Dowel diameter, in. length reauired, in.t 
thickness modulus k le * pies 
’ vad,** Ib : » ~ti ansi 
in. Ib per cu in Contraction Expansion Contraction Expansion 


joints! jointss joints! joints 


100 5400 3 
200 5900 
100 7400 
200 8100 
100 9300 
200 10600 1 
9 100 12300 1 
200 13500 1% 
lik 
1 


‘ 


s 


ou Nw 


ND ee et ee et et 
S 
© 


iy 

4 
10 100 15200 “4 
200 16500 


1 
1 
1% 
1! 
1 
1 
1 


o-- 


1 


i) 


4 
*Based on theoretical considerations; dowels spaced uniformly on 12-in. centers 
tExclusive of length covered by expa.sion cap 

{Based on a joint width .f 4-in. (16 Xd) + \% in. 


“Based on a joint width of 1 in. (16 Xd) +1 in 
**From Eq. (10). 


To facilitate a study and comparison of the required sizes and lengths of dowels 
necessary at contraction and expansion JOINts for various pavement thicknesses 
and two common subgrade modulus values, Table 10 has been prepared. This 
table also gives the exact required length based on an embedded length of eight 
times the diameter of the bar on each side of the joint plus the joint width, to 
which length should be added the length covered by the expansion sleeve. The 
design wheel-load value used in the table was selected as the highest wheel load 
the pavement could withstand for unlimited repetition of loading without caus 
ing failure. 


To obtain this value, use was made of the empirical equation for stress in a 
poorly supported slab corner as derived to fit observed data obtained in the 


Arlington test.’” 
3P («)}" 
f= ae ~ 
where 


fi maximum tensile stress, assumed to be 350 psi for design 

| wheel load, kips 

h slab thickness, in. 

a, ay/2 where a = radius in inches of the circular area equivalent to the 
contact area of the tire with the pavement, which was obtained for 
dual tires from p. 22 of “Concrete Pavement Design’ published by 
the Portland Cement Assn.” 


, . EA 6 
radius of relative stiffness (Westergaard) if ; 


12(1 — w*)k 

modulus of elasticity of concrete, assumed to be 5 * 10° psi 

Poisson's ratio, assumed to be 0.15 

modulus of foundation support, lb per cu in 

In the equation the unit stress was selected as 350 psi so that the factor of safety 

would be 2.0, assuming a modulus of rupture of 700 psi. Fatigue studies have 
shown that test specimens can withstand unlimited repetition of load when the 
factor of safety is two. 
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® THEORY FROM “DESIGN OF DOWELS IN TRANSVERSE JOINTS OF CONCRETE PAVEMENTS* 
-B.F FRIBERG, TRANSACTION ASCE, 1940, P 1079 


Fig. 14—Relation between L. and dowel diameter with variation in the modulus of 
support 

influence of dowel diameter and modulus of support on dowel 

length 


- ‘ 
Friberg’ has shown that cutting the dowel at the second point of pressur 
change does not materially affect the maximum concrete bearing stress at the face 


ol the joint. The distance trom the face of the joint to the second point ol pres 
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sure change is shown in Fig. 14 for various values of the modulus of support 


G of the concrete. The length necessary to obtain eight times the dowel diameter 
is also shown in Fig. 14 to illustrate the fact that the required embedment length 


becomes less than eight times the dowel diameter as the dowel diameter increases. 
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Shearing Strength of Reinforced Concrete Slabs* 


EST 


SYNOPSIS 


Presented as a research report without practical design recommen- 
dations, this paper reports the methods and results of experimental 
work on the shearing strength of reinforced concrete slabs subjected 
to a centrally located, concentrated load. Tests of thirty-nine 6-ft 
square slabs are reported. For 34 slabs, final failure was in shear by 
the column punching through the slab, in most cases after initial yield- 
ing of the tension reinforcement. 

Major variables were: concrete strength, percentage of tension re- 
inforcement, percentage of compression reinforcement, size of col- 
umn, conditions of support and loading, distribution of tension rein- 
forcement, and amount and position of shear reinforcement 

The test findings show that the shearing strength of slabs is a func- 
tion of concrete strength as well as several other variables. An ulti- 
mate strength theory was developed, by which the slab behavior under 
load may be explained and the measured ultimate loads may be pre- 
dicted with satisfactory accuracy. 


INTRODUCTION 
Historical review and object of investigations 


Design of reinforced concrete slabs with respect to shear is based on a limited 
amount of factual knowledge concerning the effects of numerous variables in 
volved. Therefore, design specifications for various countries differ considerably, 
not only with respect to quantitative limitations of allowable shearing stresses, but 
also in the basic methods of evaluating such shearing stresses. 

Nearly all specifications employ the conventional beam formula for diagonal ten 
sion as a design formula tor shearing stresses in slabs: 

V ‘ 
2 < Kf.’ 
ina * I. 
in which Kf-’ is an allowable shearing stress. Since the exact location of the shear 
ing area cannot be observed in a slab, it is reasonable to expect disagreement 

*Received by the Institute Mar. 22, 1956. Title No. 53-2 1s a part of copyrighted JouRNaL or 
THE AMERICAN CONCRETE INSTITUTE, V. 28, No. 1, July 1956, Proceedings V. 53. Separate prints 
are available at 50 cents each. Diseussion (copies in triplicate) should reach the Institute not 
later than Nov. 1, 1956. Address 18263 {W. McNichols Rd., Detroit 19, Mich 

tMembers American Concrete Institute, Development Engineer and Manager, respectively 
Structural Development Section, Portland Cement Assn., Chicago, Ill (Formerly Research 


Associate and Research Associate Professor, respectively Department of Theoretical and 
Applied Mechanics, University of Illinois, Urbana, Ill.) 
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among specifications in the determination of the shearing area, 4jd, and the cor- 
responding constant, K, which is required for a proper factor of safety. One or 
more of the following steps have been used to determine the shearing area: 


1. The concept of an “equivalent width” in which b is the width of a fictitious beam 
strip of slab across which a concentrated load should be considered distributed to 
produce calculated shearing stresses equal to the maximum stresses that actually 
occur in the slab. 


2. The nominal shearing area in which b is taken equal to the perimeter of an area 
concentric to the column or concentrated load area and located at a distance there- 
from equal to the effective depth or some fraction of this depth. 


3 The pure er punching shearing area in which b is the perimeter of the column 
or concentrated load area. 

In this country, steps 1 and 3 were recommended in 1916 by the first Joint Com- 
mittee on Concrete and Reinforced Concrete, but these steps were abandoned in 
1924 by the second Joint Committee in favor of step 2 which has been used lately in 
most American design specifications. Steps 1 and 3 are still used in several Euro- 
pean specifications. 


Information regarding the behavior and ultimate strength of slabs failing in shear 
is believed to be of great importance in furthering the development of reinforced 
concrete design, especially since in recent years considerable progress has been mad< 
in design methods basing the safety of structures primarily on their ultimate 
strength. An ultimate flexural theory of slabs, the yield-line theory,’ was developed 
in considerable detail during the 1940's. A fundamental assumption of this theory 


is that the slabs are designed so that sudden shear failures do not occur before the 
full flexural capacity of the slab is realized. Therefore, knowledge regarding the 
characteristics of shear failures is urgently needed so that effective steps may be 
taken in design to prevent such failures. 

Most American tests of slabs failing in shear have been concerned with relatively 
thick footing slabs.** The results of these footing tests have been applied to shear 
design procedures for flat slabs, and an even further extrapolation has recently been 
made to flat plate floors, which are essentially flat slabs supported without column 
capitals or drop panels. Though practical experiences in flat plate construction have 
been satisfactory, these extrapolations may be questioned from a theoretical point 
of view since lower thickness-to-span ratios and higher moment-to-shear ratios are 
associated with floor slabs than with footings. 

Hence, investigations reported herein were made to throw new light on the 
shearing strength of relatively thin reinforced concrete slabs subjected to concen 
trated loads or concentrated reactions. This paper describes test observations regard 
ing the behavior and strength of such slabs and expresses the ultimate strength in 
mathematical terms. The paper is presented as a research report with no specific 
design recommendations. 


Outline of tests 


Two investigations subdivided into nine series of tests were made, involving a 
total of thirty-nine 6-ft square slabs 6 in. thick. Slabs were supported at the edges 





SHEARING STRENGTH OF REINFORCED CONCRETE SLA3S 


=e 


a 


Top Layer — 
Bottem — 


—+ 


Series II only 


oat St ee te ee a 





Ft 
== 
=e 





+ 
+ 
| 
+ 


+ 








rccctr 
= 


De Oe ee Ee ee ee 


Tension Mat 
10'or | wire ¥ 


eat aieenion lemtenl qutenth a deena Heenioenl enin aie 2 
r? + 
] ' 


+ 


--< 
+ 


+ 


+ 


Punching 
Pattern | 


+ 


+ 


Top Layer 
Bottom 


- 


+ 


ioe die dian deeetien diem een ieetieetion eee 
+444 | -, — 


+ t 


} 
=o 


Set et ae oe ae ae aS 


Compression Mat 


Fig. 1—Sketch of slab specimens 


and loaded through a centrally located column stub as indicated in Fig. 1. 

The first investigation, series I through VII, was conducted at Talbot Laboratory, 
University of Illinois, in 1952. An outline of these tests is given in Table 1. In series 
I, the principal test series, 13 slabs supported on all four edges were loaded through 
a 10-in. square column stub; variables were concrete strength and amount of longi 
tudinal reinforcement. Series II introduced a change from a 10-in. to a 14-in. 
column, and series II] and IV gave variations in support conditions. In series V, 50 
percent of the tension reinforcement was concentrated directly under the column, 
and the slabs of series VI were loaded eccentrically. The single slab of series VII 
was lightly reinforced to obtain a flexural failure. In addition to the slab specimens, 
eight beam specimens were included representing 12-in. wide slab strips. 

The second investigation, series VIII and IX, was conducted at the Research and 
Development Laboratories of the Portland Cement Assn. in 1954. An outline of 
these tests is given in Table 2. Series VIII extended the range of variables in series 
I, and the longitudinal compression reinforcement was omitted. Series 1X intro 
duced shear reinforcement, details of which are shown in Fig. 2 


MATERIALS, FABRICATION, AND TEST METHODS 
Materials 


Concrete mixtures—Type | portland cement, purchased from local dealers, was 
used in both investigations. In the University of Illinois tests Wabash River sand 
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TABLE 1—OUTLINE OF TESTS AT UNIVERSITY OF ILLINOIS, 1952° 


Slab 
No. 


All 
A 12 


A-13 


*Depth 


“Was v 
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Concrete 
design 
strength 


2000 
3500 
3500 
5000 
3500 
2000 
3500 
5000 
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TABLE 2—OUTLINE OF TESTS AT PCA LABORATOR.ES, 1954 


Concrete 
design 
strength 
psi 


Bar 


Tension mat 


Bot., 


size 


No 


in 


Top, 


in 


p 


percent 


Shear reinforcement 


Reinforce 
ment 


6 
deg 


Av, 


sq in 


Column 
stub 
Reinforce 
ment 


Series VIII Symmetrical support on four edges, 10-in. column 


B3 
B-5 
B6 
B10 


B12 


B13 
B15 


B16 
3.17 


2000 
6500 
6500 
6500 
2000 
6500 


2000 
2000 
2000 
6500 


6500 


6500 
6500 


6500 
2000 


1X Shear reinforcement 


oe oe @ yusu 


ow 


so Qo oO NvNNS 
i 


5% 
5% 
5% 
5% 
6 


0.50 
0.50 
0.99 
2.00 
3.00 
3.00 


0.99 
2.00 
2.00 
2.00 


3.00 


3.00 
3.00 


3.00 
1.50 


SFPBAOVDOHSSANS 


45 
45 
45 
45 
90 
90 
20 
45 
45 
45 
45 


symmetrical support on four eiges 


0.88 
0.80 
1.60 
1.60 
2.20 
1.32 
6.20 
2.40 
3.20 
1.60 
0.88 


PPS SDS SHS SHHSHS 


*Depth from compression surface to centroid of the tension mat was 4.5 in. No compression reinforcement. 
+Two rings of shear reinforcement 
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with a fineness modulus of 3.21 and Wabash River gravel of 1-in. maximum siz« 
with a fineness modulus of 6.51 were used. For series VIII and IX the aggregates 
were a mixture of lake sand and Elgin sand with a fineness modulus of 2.82, and 
Elgin gravel of 1'4-in. maximum size with a fineness modulus of 7.30. 

The principal concrete mixes used are described in Table 3. All batching was by 
weight; the concretes were mixed 3 min in 6-cu ft nontilting drum mixers. Three 


6 x 12-in. vibrated control specimens were made for each batch. Compressive 


strengths as determined by an average of 12 to 15 cylinders for each slab specimen 


| 




















'B-3, B6, B10, B17 
Fig. 2—Sketch of shear reinforcement 


and 6 cylinders for each beam strip are listed with test results of these principal 
specimens in Table 4, 5, and 7. 

Reinforcing steel—Detormed reinforcing bars meeting ASTM A 305-50T for 
detormations were used in both Investigations. Yi ld point stresses as determined 
by tension tests are listed with test results of the principal specimens. 

Fabrication and curing—Reintorcement was securely wired together and care 
fully placed in the forms so that correct distances wer« maintained, Cored holes 
were provided in the concrete at desired locations for 1-in. electric strain ayes 
whi h were attached to the tension reinforcement after the concrete had hardened 
and dried. The compression reinforcement was.supported from the form sides 


since steel chairs would act as shear reinforcement. Bends for the shear reinforce 
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TABLE 3—CONCRETE MIXTURES 


Design Mix ratio Average Percent Cement Water, 
strength, by weight, slump sand, sacks per Ib per w 
psi $.8.D in, by weight cu yd cu yd by weight 
University of Illinois, 1952 
2090 d - 41.9 3.21 
4500 4.4 41.9 4.99 
5000 41.9 5.41 


Portland Cement Assn., 1954 


2000 45.5 3.06 ) 2100 
6500 ] 40.0 6.19 ‘ 6840 


ment were made around a pin of 1-in. diameter. All shear reinforcement was bent 
hot. Waterproofed '%4-in. electric strain gages were attached to the shear reinforce 
ment at desired locations. 

Concrete for both slab and control specimens was vibrated. All specimens, in 
cluding control cylinders, were removed from the forms after 24 hr, cured with wet 
burlap for 7 days, then stored in the air of the laboratory until tested at an age of 


about 28 days. 


Testing procedure 


For convenience in conducting the slab tests at the University of Illinois, a special 
steel frame with four wheels was constructed, on which the slabs were supported 
through 2 x 1-in. maple strips. The steel frame was used as a vehicle to move the 
stabs in and out of the testing machine as well as a testing support for the slabs as 
shown in Fig. 3a. 

In the Portland Cement Assn. tests a concrete frame 3 ft high was constructed to 
support the panels during testing. This made it possible to observe the formation of 
cracks on the tension surface of the slabs. The concrete frame, shown in Fig. 3b, 
served as a vehicle as well as a testing base on which the slabs were supported 
through 2 x 1-in. maple strips. 

Slabs were loaded to failure in 10 to 15 increments. Strains in the reinforcement 
deflections over a gridwork on the top surface of the slabs, formation of cracks, and 
the phenomena of failure were recorded. 

The beam strips of the University of Illinois tests were simply supported and 
loaded to failure through a column stub, with strains and center deflections re 


corded. 


RESULTS OF SLAB TESTS 


Slab action in flexure 


A flexural load-deflection diagram is given in Fig. 4 for the 6-ft square slab B-4, 


which was supported on all four edges and loaded through a 10-in. column. It is 


seen that there are four typical stages of slab behavior in flexure. In stage I the slab 
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Fig. 3a—Testing arrangement, 
versity of Illinois 


Uni- Fig. 3b—Testing arrangement, Portland 


Cement Assn. 
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Fig. 4—Typical flexural load-deflection diagram 
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is uncracked, in stage II flexural cracking of the slab is developing, in stage III 
yielding of the tension reinforcement is spreading from the loaded area toward the 
slab edges, and in stage IV the slab is in a plastic state of rapidly increasing deflec 
uion, 


It has been found* that the shearing strength of a slab subject to concentrated 
loads or column reactions is different for these various stages of flexure. Therefore, 
shear and flexure must be considered as a combined loading problem, not as two 
separate cases. This is even more evident for an analogous problem, that of com 
bined axial load and flexure in columns. 


Because shearing strength is related to flexural behavior, it is necessary to define 


the terms shear failure and flexural failure clearly. In the discussions presented 


herein, a punching of the column stub through the slab is always regarded as a 
shear failure, unless such punching takes place after the full flexural strength of the 
slab by inelastic action has been developed so that the slab is in stage IV of flexure. 
A slab failure by rapidly increasing deflection (Fig. 4) in stage IV of flexure is re 
garded as a flexural failure. 


Analytical approach in shear studies 


In current design specifications such as ACI 318-51, shearing stresses, v1, in flat 
slabs subjected to concentrated column reactions are computed by Eq. (1). If ¢ is 
the total thickness of the slab at the vertical section in question, 6 in Eq. (1) is the 
circumference of a polygon concentric to the column area and located at a distance 
t — 15 in. therefrom. In a similar manner d in Eq. (1) is taken at ¢ 1.5 in. The 
corresponding allowable design stress given by ACI 318-51 is proportional to the 
cylinder strength f-’. No other variables are considered, with the exception of con 


centrated reinforcement over the column. 


Table 4 shows thu: the measured ultimate values of the ratio v:/f-’ are not con 
stant; vi/fe’ decreases with decreasing reinforcement percentage and with increas 
ing concrete strength. Similarly, the safety factor as computed with an allowable 
stress of 0.025f.’ ranges from about 2.5 to 5.5. It is considered, therefore, that im 
proved expressions for the ultimate shearing strength of slabs are desirable. 


A reanalysis of F. E. Richart’s footing tests* was carried out and reported in a 
previous pape r.* For that series of tests it was found that a shearing stress, Ve, Com 
puted at zero distance from the column faces is a better measure of shearing 
strength than the conventional shearing stress, v1. It was further found that the 
ultimate value of v2/f-’ decreases with increasing concrete strength and with in 


creasing flexural capacity in a manner given by 


P sroas ~ 0035 4 130 4 007 


Ww Tas i” @ 
a bd. 
in which 

= cylinder strength, ps 

= circumference of column 

= effective depth of slab 
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o = Fetal TT tien 
P inoor = Ultimate shear capacity 
Pree = ultimate flexural capacity of the slab computed by 
the yield-line theory without regard to a shear failure 


It was anticipated that the general structure of Eq. (2), which was derived from 
Richart’s thick footings, would also be applicable to the relatively thin slabs of 
these investigations. However, for concrete strengths greater than 4500 psi, com 
puted values of v2/f-’ using Eq. (2) were higher than actual test values, and by 
statistical analysis* of all slabs except series 1X it was found that v2/f-’ could be 


better expressed as 


Piro 333 , 0.046 
> 


In checking the applicability of Eq. (3) against test results it is desirable to use 
this equation to predict the ultimate load of test slabs for comparison with an ob 


served load. Since the shearing strength, Psrear, appears both in ve and ¢», Eq. (3) 


must be solved for ¢ and the shearing strength. It is then convenient to refer to a 
calculated shearing strength as Peaie and an observed ultimate lead as Press. We 
have from Eq. (3) 


in which 
Pre Ps 


5 | = 
g bap.’ Pies 


Solving these equations for 6) and Peate we obtain 
& | 


A + V/A’ + 0.184B 


adh 2B 


Pett . OoP ster 


The flexural ultimate Joad, Pyiez, was computed using the yield-line theory as out 
lined in Appendix 1. It should be noted that Eq. (4) is a mathematical aid to check 
the applicability of Eq. (3); it should not be regarded as a design equation. Theo 
retically, a value of $5 greater than one corresponds to a flexural failure. However, 
since » is a calculated quantity dependent upon the empirical constants in Eq. (3), 
it is subject to experimental scatter, Therefore, only those slabs exhibiting obviously 
large deflections at failure are considered flexural failures, independent of the cal 


culated value of o. 


*The statistical methods used are described in Appendix 2 
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From series LX it was found that for slabs with shear reinforcement v./f-’ could 
be expressed as 


Pre _ 333 , 0.066 F 
sn rs + (4, 0050) 
J ¢ 


in which 
A.f, sin 6 


dt.’ 


where Ay and fy are the area and yield point of the shear reinforcement and 4 is 
the angle between the shear reinforcement and the plane of the slab. Thus, 4 in 
Eq. (4) becomes 


0 050 


Series | 


The 13 slabs of this series were loaded centrally through a 10-in. square column 
and were supported on four edges with corners free to lift. Tension reinforcement 
percentages* were 1.15, 2.47, and 3.70 and concrete strengths varied from about 
2000 to 5000 psi as indicated in Table 4. 

Flexural cracking was indicated at 15 to 25 percent of ultimate load by audible 
cracking sounds and by breaks in both load-deflection curves and load-steel strain 
curves. At about 50 percent of the ultimate load the slab corners lifted, preceded by 
vertical cracks at the slab edges 15 to 18 in. from the corners.4 . 

Distributions of strain in the tension reinforcement typical for series I are shown 
in Fig. 5. The highest strains and consequently initial yielding generally occurred 
below the column. Yielding spread gradually from the center to the edges of the 
slab with increased application of load. The degree of yielding at failure ranged 
from none for slabs with a high tension reinforcement percentage and low concrete 
strength to practically full yielding for slabs with a low percentage and a high con 
crete st-ength. Final failure of all slabs took place by the column punching through 
the slab in a manner similar to that described by Richart for footings.* 

Slab deflections were measured by a deflection bridge along four lines on the top 
surface. A typical deflection pattern for series I is shown in Fig. 6. At approximately 
50 percent of ultimate capacity the corners of the slabs lifted from the supports 
Maximum deflection of the slab was at the column; this deflection is shown also 
in Fig. 7, which gives load-deflection curves for all slabs of series I. This figure 
shows that the slope of the deflection curve increases with concrete strength and 
reinforcement percentage. Also, breaks in the curves are seen at initial flexural 


cracking, and at first yielding which is indicated by arrows in the figure. 
The pertinent data involved in the ultimate strength analysis are given in Table 
*The average percentage for two layers of reinforcement is computed by Eq. (c) of Ay 


pendix 1 
tThe theoretical location of these cracks is 181 in. as computed by Eq. (d) of Appendix 1 
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Fig. 5—Strain distribution, slab A-2b 


+ ' * ‘ 


























+ 


iS 6 6 [8 36 36 I8 6 6 I8 36 
Distance from Center of Slab, Inches 


Fig. 6—Distribution of deflections, slab A-2b 
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+. For a majority of the slabs Prest/Pyiei is greater than one and Pret /Py ier is less 
than one; that is, most slabs failed in shear while yielding was spreading from the 
center toward the slab edges. Only three slabs, A-2a, A-3a, and A-3b failed prior to 
vielding, though measured strains in all three cases indicated that yie Iding Was 
imminent. Although ¢» is slightly greater than one for slab A-ld, neither the load 


deflection curve nor the ratio Prest/Pyiex indicates a flexural failure. 


Series Il 


The three slabs of this series were loaded at the center through a 14-in square 
column stub and were supported on four edges with corners free to lift. Except for 
the increased size of column stub and the slight difference in concrete strength, 
slabs A-4, A-5, and A are identical to series | slabs A-lb, A-7b, and A-3c, re 
spectively. 

The general behavior of these slabs under load was similar to that of the slabs 
in series I. According to calculated results slab A-4 should have been a fi xural 
failure since #» was greater than one. However, the center deflection of the slab 
was not exceptionally large at failure and Pres:/Prier was less than one; theretore, 
it is classed as a shear failure. The behavior of slab A-6 at failure departed from th 
general pattern. Punching took place suddenly and without the slight drop ot load 
indicated by the testing machine dial as was the usual case. After testing, the bar 
spacing, size of bars, workmanship, and testing procedure were examined closely; 


but no reason for the unusual behavior could bye found. 
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Load-deilection curves are compared to corresponding slabs of series I in Fig. 8. 
As would be expected, the increase in column size increased the slab stiffness and 
thereby increased the slopes of the load-deflection curves. Slab A- again is ab 
normal, 

Observed and predicted ultimate loads are compared in Table 4. By comparison 
with corresponding slabs in series I it is seen that Pres: increased with column size, 
with the exception of the abnormal slab A. 


Series ill 


The two slabs of this series were supported on only two opposite edges. Other 
wise slab A-7 with a 10-in. column is similar to slab A-7b of series I, and slab A-8 
with a 14-in. column may be compared to slab A-5 of series II. 

Flexural cracking was initiated at about 10 percent of the ultimate load and 
cracks appeared at the unsupported edges at a load of about 45 percent. Maximum 
strains in the tension reinforcement occurred in the bars perpendicular to the sup 
ported edges and near the column stub. The reinforcement of both slabs was yield 
ing near the column at failure, but the yielding had not spread to the slab edges. 

The deflection pattern for slab A-7 is shown in Fig. 9. It is seen that the corners 
rose relatively little and that the slab tended to act as a one-way slab. Load-deflection 
curves are compared in Fig. 8 with corresponding slabs with four-edge supports. 

According to the mathematical analysis presented herein, two-edge support as 
compared to fouredge support decreases Pyier, increases $o, and decreases Peat: 
for the slabs of this investigation. This predicted behavior was born out by test 
results. 


feries IV 


The single slab of this series was loaded centrally through a 10-in. square column 
and was supported at four corners on 3.5 x 3.5-in. oak blocks. 

This slab failed suddenly near three corner supports. Since no reinforcement 
passed directly over these support blocks, the failure was a local one and is funda 


mentally different from the failures of reinforced slabs studied in this paper. There 


fore, the strength results are not included in the analyses. 

Only local damage at the corners resulted from the failure; reinforcement was 
not yiclding. Therefore, slab A-7a was retested with four-edge support as slab A 
7b and added to series I. 


Series V 


Slabs A-9 and A-16 are similar to A-7b and A-5, respectively, except that 50 per 
cent of the tension reinforcement is concentrated under the column. When such 
a concentration of reinforcement is provided, ACI 318-51 permits a 20 percent in 
crease in allowable shearing stresses for flat slabs. 

The two slabs behaved under load much like the slabs of series I and Il. How- 
ever, due to the concentration of tension reinforcement, they were slightly stiffer, 





SHEARING STRENGTH OF REINFORCED CONCRETE SLABS 





SERIES 


ich 





























Fig. 8—Load-deflection curves, series II, Ill, and IV 


as shown in the load-deflection curves in Fig. 10, and the steel strains near the 
column were lower. Furthermore, the tensile strains at the center of the first in 
terior dispersed bars were about 20 percent higher than those in the concentrated 
reinforcement under the columns. In both slabs first yielding was imminent at 
failure. 

sy the mathematical procedures outlined in this paper, Pier, 60, and Prate are 
in no way affected by steel concentration. Test results show this to be true; in fact, 
for the slabs investigated, concentration of tension reinforcement tended to lower 
somewhat the ultimate shearing capacity, rather than increase it. It is felt, therefore, 
that further investigation of reinforcement concentration is desirable. 


Series VI 


This series introduced column moment as a new variable. While the columns of 
all other slabs were loaded concentrically, slabs A-11 and A-12 were loaded by a 
line load at the edge of the 14-in. column, that is, the eccentricity of load was 7 in 

The tension reinforcement of both slabs was identica! to that of slab A-5 of series 
I]. In slab A-11 the compression mat was also identical to that of slab A-5 except 
that the bars were not cut off at the centerlines, and in slab A-12 the percentage of 
reinforcement in the compression mat was doubled. 

The behavior of both slabs of this series was similar to that of their concen 
trically loaded counterpart, slab A-5, except that strains and deflections were 
slightly higher at the loaded edge of the column than at the opposite edge. Both 
slabs failed in shear after yielding had begun near the column, but before yield 
ing had spread to the slab edges. It was noted that the loaded column edge seemed 
to punch through the slab first, but this was followed rapidly by punching around 
the entire column perimeter. 


The ultimate strength of both eccentrically loaded slabs was 119 kips as compared 


to 120 kips for slab A-5. These tests indicate, therefore, that an eccentricity up to 


one-half the column size has little or no effect on the ultimate shearing strength of 
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Fig. 9—Distribution of deflections, slab A-7 


a slab subjected to a concentrated load through a column, and that increase in the 
percentage of compression reinforcement likewise has little effect. 


Series VII 


The single specimen of this series was designed with a low percentage of rein 
forcement to study the behavior and mode of failure in a slab fully yielding at 
failure. 

This slab was similar to slab A-4 of series II in all respects except that both tension 
and compression reinforcement were reduced by 50 percent. 

The load-deflection curve given in Fig. 10 provides a good illustration of the four 
stages of flexural slab behavior. Each stage is sharply defined by changes in the 
slope of the load-deflection curve as well as by physical changes in the slab itself. 
Below the cracking load of about 7 kips the slab behaved essentially in an elastic 
manner. This range is referred to as the elastic stage. The cracking stage extended 
from 7 to 40 kips. At 40 kips the tension reinforcement at the center of the slab 
reached yielding. The yielding stage ranged from 40 to about 50 kips during which 
yielding spread from the center to the edges of the slab. In the final phase, the 


plastic stage, yielding was fully developed along the yield-lines, and deflections in 
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Fig. 10—Load-deflection curves, series V, VI, and VII 


B-+4 
_— B-2 EEE 
<< a ie B-/ 











Center Deflection 


Fig. 11—Load-deflection curves, series VIII 


Cc! ased considerably under a mn arly constant load. ‘] hroughout the plastic slaye the 
slab was in flexural distress; however, the slab was able to maintain load until the 
center deflection reached about 1 in., when a secondary and final failure took place 
by the column punching through the slab. 

The shearing failure was a secondary phenomenon and Eq. (3) does not apply 
As indicated in Table 4, Prest is 20 percent higher than Pier computed by the 
yvield-line theory. This 20 percent excess strength is reasonable since the yield-lin 
theory as used herein did not consider strain hardening of the reinforcement and 
membrane action of the slab due to the excessive slab deflections, both of which 


will tend to increase load-carrying capacity in flexure. 
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Fig. 12—Formation of cracks, slab B-14 
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Fig. 13—Load-deflection curves, series 1X 


Series VIII 


The six slabs of this series were designed primarily to extend the range of series 
| both in concrete strength and in percentage of tension reinforcement. They are 
similar to the slabs of series 1, concentrically loaded through a 10-in. square column 
and supported on four edges with corners free to lift, except that the compression 
reinforcement was eliminated. Also in slab B-11 tension reinforcement with a 
higher yield pont was used. 


The general behavior of these slabs was the same as that of slabs in series 1. Load 


deflection curves are shown in Fig. 11. Because the slabs were supported 3 ft above 


the base of the testing machine, it was possible to observe the crack pattern on the 
tension surface of the slabs. Fig. 12 shows a typical pattern of the crack formation. 
What was assumed to be flexural cracking in series I at 15 to 25 percent of ultimate 


load was verified by these observations. As shown in Fig. 12, the initial flexura 
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cracking developed in the vicinity of the column stub along the lines of the tension 
reinforcement. These cracks were much more pronounced along the parallel lines 
of reinforcement close to the tension surface. As load increased, cracks radiated 
from the vicinity of the column to the slab edges not unlike the assumed yield-line 
pattern shown as Case I in Fig. Al of Appendix 1. When the radial cracks had 
reached the slab edges, usually at about 50 percent of ultimate, development of new 
cracks diminished; however, the major radial cracks widened considerably as load 
increased. Prior to ultimate load, it was impossible lo predict the location of the 
punching crack which seemed to be completely independent of the cracks formed 
beforehand. 

Of the six slabs tested in this series three definitely failed in flexure since detle: 
tions and tensile strains were quite large. These three slabs, B-1, B-2, and B-4, fol 
lowed the same pattern as slab A-13. It should be noted that, as was the case for 
slab A-13, Prese was 10 to 20 percent larger than calculated by the yteld-line theory 
because of membrane action and strain hardening. The type of strain gages and 
recording equipment used made it impossible to measure the tensile strains at 
failure; however, they were greater than 0.02 in. per in. 

Pertinent data involved in the ultimate strength analysis are given in Table 4. 
Comparison of results of slabs B-9, B-11, and B-14 to the slabs of series I indicate 
favorable agreement. It can be concluded, therefore, that the ultimate shearing ca 


pacily ol the S¢ slabs Is not dependent upon Compression reintorcement. 


Series IX 


The nine slabs ol this serics were loaded concentrically through a 10-in. column 
and were supported on four edges with corners free to lift. The slabs were similar 
to those of series VIII except that shear reinforcement was provided. This shear 
reinforcement, details of which are shown in Fig. 2 and Table 2, was added steel 
and not bent up tension reintorcement. The bend in these added bars was gene rally 
directly under the column edges, and the top cover was % in. In slab B-16, th 
second bend began 41) in. from the column edge. For slab B-12, the two rows of 
vertical stirrup reinforcement were located 244 and 6% in. from the column edge, 
respectively. 

Slabs B-12, B-13, B-15, and B-16 of series LX, and B-14 of series VIII, are com 
parable, all having the same percentage of tension reinforcement and about the 
same concrete strength. The only variable was type and amount of shear reinfores 
ment. Slab B-14, with no shear reinforcement, failed in shear in the normal man 
ner at 130 kips, and Peate as computed by Eq. (3) and (4) was 133 kips. Slab B-15 
with six # 4 bar stirrups at an angle of 45 deg and an anchorage length of 7 in. past 
the top bend failed in shear at 155 kips. The punched-out section for this slab was 


much larger than the corresponding slab with no shear reinforcement (Fig. 2). 


The shear crack ran along the tops of the stirrups rather than through the stirrups. 


Examination after failure indicated that failure may have been caused by local 
crushing of the concrete under the top bend of the stirrups or by insufficient anchor 


age length. Anchorage length was increased to 15 in. in succeeding slabs. In slab 
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8-16 the amount of stirrup steel was increased and a second row of stirrups pro- 
vided. Ultimate shearing capacity was raised to 168 kips, but the shearing crack ran 
along the Lops of the first and second row of suirrups. Anchorage was sufficient, but 
local crushing at the bends of the stirrups was again noted. Slab B-13 with stirrups 
at 20 deg but with approximately the same vertical force component, Arfr sin 4, 
as slab B16 failed at 175 kips. Again the shearing crack was well toward the tops 
of the surrups pushing the punched section out almost to the edges of the slab. 
Local crushing under the bends of the stirrups was not obvious. For slab B-12 two 
rows of vertical stirrups were provided such that the shearing force component was 


approximately equal to the diagonal stirrups of slab B-16, Less than % in. of top 


cover was provided for these stirrups so that the shear crack would have to run 
through the stirrups rather than along the tops of the stirrups. Failure was at 177 
kips and the shear crack was outside the second row of stirrups. In all these slabs 
electric strain gages were attached to the centers of the stirrup length. None of the 
stirrups in these slabs reached yielding at this location at failure. Whether the 
surrups yielded at the shear crack near the top bend of the stirrups can only be 
presumed, 

Slabs B-5 and B-6 of series IX and B-9 of series VIII, all with 2 percent tension 
reinforcement, are comparable. Slabs B-5 and B-6, both with about 2000-psi con 
crete, failed at 85 kips and 105.3 kips, respectively. Slab B-5 had two # 4 bar stirrups 
at 45 dey; slab B-6 had twice as much stirrup steel. Slab B-9 with no stirrups but 
with 6300-psi concrete failed at 113.5 kips, so in this case raising the concrete 
strength was more effective than adding shear reinforcement. 

Slab B-3 with 2000-psi concrete and 0.99 percent tension reinforcement would 
have been close to flexural failure even without shear reinforcement. The addition 
of four #3 bar stirrups did not increase the ultimate load appreciably even 
though the stirrups were definitely yielding at failure. 

Load-deflection curves for slabs of this series are compared to similar slabs with 
out shear reinforcement in Fig. 13. As one would expect, diagonal shear reinforce 
ment increased the slab stiffness and raised Pyieia. Vertical shear reinforcement did 


nat change slab stiffness. 


Pertinent data for the ultimate load analysis in which Eq, (3a) and Eq. (4) were 
used are given in Table 5. A comparison of these data to that of similar slabs with 
out shear reinforcement shows that stirrups increase the ultimate load capacity of 
slabs as much as 30 percent, but in no case was enough shear reinforcement pro 
vided to cause flexural rather than shear failure. 

Even though it would be desirable to fully develop the flexural capacity of rela 
tively thin slabs supported on slender columns, to do so with shear reinforcement 
may be impractical. In some cases the required stirrup steel area may be abnorm 
ally large so that it may be impractical to meet the accepted requirements for mini 
mum spacing, minimum diameter of bends, and minimum concrete cover. Slab 
thickness, concrete strength, and column dimensions should therefore probably be 
so chosen in design that only a small amount of shear reinforcement, if any at all, 
is needed in thin slabs. 
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Fig. 14—Influence of relative shearing strength, series | through VIII 


Summary of ultimate shearing strength analysis 


Twenty-five slabs without shear reinforcement failed in shear. They may lb 
studied on the basis of Ig. (3); the observed shearing stresses are plotted as a func 
tion of $ in Fig. 14 and as a function of concrete strength in Fig. 15. The test data 


are corrected to f-’ = 3500 psi or # 1.0, respectively, in accord with Eq. (3). Thus, 


$33 $:3:4 
ay $500) 


l 
fi (corrected to f.’ 3500 re (observed 


‘ 0.04 
. (corrected to @., 10) 7 (observed ) = + 0 046 
>. 


Also shown in Fig. 15 is a comparison of Eq. (3) which was used in this analysis 
and Eq. (2) which was used in the analysis of Ric hart’s footing tests. Between 3000 
and 4500 psi, the range in which 75 percent of Richart’s footings are located, the 
difference between Eq. (3) and Eq. (2) varies from +5 to —9 percent. Thus, it can 
be concluded that Eq. (3), developed from the data reported herein, could be ap 


plied to Richart’s fooungs with a reasonable degree of accuracy. 


The agreement between observed and predicted values in Fig. 14 and 15 is satis 
factory. For these 25 slabs failing in shear the average Prest/Peaic ratio based on Kg 
(3) is 0.972 with a corresponding standard deviation of 0.077, Using Eq. (2) the 
average Prest/Peaic is 0.951 with a standard deviation of 0.095. Although the lattes 
values are acceptable in concrete research, it can be seen from Fig. 15 that the 


standard deviation for Eq. (2) would have been much larger if more test points 


were available for concrete strengths greater than 4500 psi and less than 3000 psi 


The nine slabs with shear reinforcement all failed in shear. Using Eq. (3a) the 
| 
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average Prest/Peatc ratio is 0.992 with a standard deviation of 0.067. Considering the 
range and number of variables the results are quite satisfactory. 

kg. (3a) can be further substantiated by applying it to the results of tests con 
ducted in Germany in 1935-36 and reported by Otto Graf in 1938.” Graf tested eight 
slabs of which six had shear reinforcement. These slab specimens were about 5-ft 
square, were supported on all four edges, and were loaded through 7.9- and 11.8-in. 
square columns at the center of the slab. In these ré spects Graf's slabs were similar 
to those reported herein. However, Grat’s specimens were much thicker, having 
effective de pths of 10.7 and 18.8 in. 


The pertinent data for Grat’s slabs and the analysis of the test results using hq. 
(3a) is presented in Table 6. The average Prest/Pratc ratio of 1.025 is satisfactory. 

Observed v./f ‘corrected to fe’ = 3500 psi and ¢ 1.0, is plotted against qv in 
Fig. 16 for both series LX and Grat’s tests. Agreement between observed and cal 
culated results is quite satisfactory. This figure also shows that v2/fe’ can be in 
creased considerably by increasing gv. However, the increase in qr is limited by the 
amount of shear steel that can be effectively placed across the shear section. For 
thick slabs such as Graf's it was possible to place two rows of reintorcement across 
the shear section and to use bars % and 7% in. in diameter. Such is not the case for 


thin slabs because of space and bending limitations. 


RESULTS OF BEAM STRIP TESTS 


As part of the investigation of slabs reported herein, eight beam specimens rep 
resenting center strips of the slabs of series | were tested to study possible relation 
ships between the behavior and strength of such beam strips and of corresponding 


slabs. 


All beams were 6 ft long, 12 in. wide, and 6 in. deep. They were simply supported 
at the ends on maple strips similar to those used for the slabs and were loaded at 
midspan through an integrally cast 10-in. square column stub. Properties of the 
specimens are given in Table 7, Percentages of tension reinforcement were 1.03, 
2.00, and 3.00, and corresponding percentages of compression reinforcement wer« 
6.50, 1.00, and 1.00, respectively. None of the beams had shear reinforcement of any 
kind. 

Six of the eight beam strips failed in flexure either by yielding of the tension rein 
forcement followed by a secondary compression failure, or by yielding of the ten 
sion reinforcement followed by a bond failure. Only in beam B2a did a diagonal 
crack appear before yielding of the tension reinforcement. However, shear failure 
occurred after the reinforcement was yielding. For beam Blc, the final shear failure 


was probably a secondary failure. 


The behavior during loading of all beams was typical for simple beams loaded at 


midspan. Major tensile cracks formed at the bottom of the beams, usually directly 
under the edges of the column stub, at approximately 50 percent of ultimate load. 
Other cracks formed progressively closer to the beam ends as the load increased. 
Except for beam B2a, deflections at failure were several inches. 
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A study of the ultimate strength of the beam strips is given in Table 7. Theoreti 
cal flexural strength, Pyier, was computed on the basis of Eq. (b) and (g) of Ap 
pendix 1. The ratios Prest/Pyiee are 10 to 30 percent greater than one. In this con 
nection it is pertinent that the beams were loaded through a monolithically cast 
stiff column stub at midspan. Thus, at the large deflections preceding failure a con 
centration of plastic rotation existed at the edge of the column with the result that 
the reinforcement was straineu into the work hardening range. 

Six of the eight beams failed in flexure while the corresponding slabs of series | 
failed in shear. Thus, the behavior of beam strip specimens does not reflect the be 
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TABLE 7—RESULTS OF BEAM STRIP TESTS* 


Tension 
Concrete reinforcement 


strength Yield R — 


fe’ P, fup Index failuret 
psi percent ksi q 


Bla 1600 1.03 48.7 0.314 
Blb 3830 1.03 48.7 0.131 
Blc 5640 1.03 48.7 0.089 


Bla 1520 2.00 45.6 0.600 
B2b 3460 2.00 45.6 0.263 
B2c 4520 2.00 45.6 0.202 
B3b 3530 3.00 45.6 0.388 
B3c 4730 3.00 45.6 0.289 


noone ae 
44448 4448 
pe w 


1 
1 
1 
2 
2 


*Simply supported and loaded at the center through a 10-in. square column, all beams were 6 ft long, 12 
in. wide, and 5-in. effective depth. 


iT tension failure; § shear failure; B bond failure 


havior and mode of failure of a corresponding slab. Beam strips are therefore un 
suitable to evaluate the shearing strength of slabs. Analyses based on the concept of 
“equivalent width” may be good tools in elastic studies, but this concept tends to 
confuse rather than aid studies of ultimate strength of slabs. 


SUMMARY 


1. Object of the investigations reported herein was to throw new light on the 
behavior under load and shearing strength of reinforced concrete slabs. Thirty-nine 
6-ft square slabs were loaded to failure through a centrally located column stub. 
Major variables were: concrete strength (2000 to 7000 psi), percentage of tension 
reinforcement (0.50 to 3.70 percent ), percentage of compression reinforcement (0 to 
1.00 percent), size of column (10 and 14 in.), conditions of slab support and load 
ing, distribution of tension reinforcement, and amount and position of shear rein 
forcement. Final failure of 34 slabs was by the column punching through the slab; 
in most cases such punching took place after initial yielding of the reinforcement 
in the vicinity of the column. 

2. The test results confirm the findings of the re-evaluation* of Richart’s footing 
investigation® to the effect that the shearing strength is a function of concrete 
strength as well as of several other variables. 

3. Ultimate shearing stress for slabs without shear reinforcement can be ex 
pressed as: 

Dy V - 333 . 0.046 
fe " bf. J. . 


For slabs with shear reinforcement: 
V 333 0.046 
- = + 


7 , ee > 
g oe 


+ (q. — 0.050) 


= A.J, sin 6 


qe 
7 ’ 
g Of 


in which & is the circumference of the loaded area, and 4, is the ratio between the 
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ultimate shear capacity and the ultimate flexural capacity computed without regard 


to shear. The ultimate flexural capacity of the slab may be computed with the aid 


of the yield-line theory.’ 

Eq. (3) is similar to that derived from the reanalysis of Richart’s footing tests 
and can be applied to those tests with a reasonable degree of accuracy, even though 
the footings were thicker, more lightly reinforced, and supported differently. 

+, A concentration of 50 percent of the tension reinforcement directly over a 
column did not increase the shearing strength for the conditions represented by the 
test slabs. 

5. Kecentric loading, by applying a live load at an edge of a centrally located 
column, had a negligible effect on shearing strength as compared to corresponding 
concentric loading. 

6. Compression reinforcement had no effect on the ultimate shearing strength of 
the slabs. 

7. For slabs which failed in flexure the measured ultimate capacity was 10 to 20 
percent greater than predicted by the yield-line theory, probably due to membrane 
action and strain hardening of the reinforcement. 

4. Tests of beam strips representing a narrow slab section and supported as a 
beam indicated that the use of such concepts as “beam strip analogy” and “equiva 
lent width” does not necessarily lead to a correct prediction of the mode of failure 
for the corresponding slabs. 
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APPENDIX 1 


In the analysis of shearing strength presented herein, shear and flexure were 
considered as a combined loading problem. It was therefore necessary to estimate 
the ultimate flexural strength the various slabs would have had if premature 
shear failures had not taken place. The yield-line theory as developed primarily by 
Dr. K. W. Johansen was used for this purpose. It is assumed in this theory that 
yielding of the tension reinforcement is concentrated 


across certain lines in the 
slab plane, the yield lines, 


the locations of which depend primarily on loading and 
boundary conditions. An outline of the yield-line theory has been given in a pre- 
vicus ACI JOURNAL paper.’ The 


conditions of support and loading 
shown in Fig. Al 


considered are 






































Fig. Al—Yield-line patterns 


1. Square slab supported along four edges 


Corner levers will form permitting the slab corners to lift by rotation about 


the axes a-a. Assuming a deflection of unity at the column, the principle of virtual 
work gives: 


€ 


2 2 
P = 4m(e — , ‘ V 
m(a 2r) > 7 + imzy/2 - 


rT 


in which m is the ultimate flexural moment per unit width 


m = ool( n't) = ql — 4q)d°f.’ 


when the tension reinforcement index 


GQ = PhiySfe 

For the test slabs considered herein the average percentage of reinforcement, 
p, for the two layers is computed by 

pd* = 4(pd,* + prd,") 


where the subscripts 1 and 2 refer to the 
%(d, + d,). 


(c) 


two layers of reinforcement and d 


A yield-line pattern will develop corresponding to a value of « giving a minimum 
value of P in Eq. (a). 


6P 


—* 0 gives x = (1 — 44/2)(a 


which substituted into Eq. (a) gives: 


Phe = &m 
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If the corners are tied down, the yield lines must go through the corners, that is, 
ZL 0, and 


Price = 8m (f) 
r 
= a 


2. Support along two opposite edges 


The governing pattern is shown in Fig. Al. With a deflection of unity at the col- 
umn we obtain by virtual work 


2 
> = 2m —_ ( 
F shez ua r r &) 


3. Support at four corners 


Two types of yield-line patterns are possible. If the lines form across the cor- 
ners, we obtain by virtual work: 


Price = 4myv/2 Ys = 8m (h) 


For the dotted pattern, on the other hand, we obtain: 


= / 4 
Pra = 4m* r/2 v3 + 4mr = = | + - ) 
2 a-r a-r a, 


r 


The equation giving the smallest P,,,, will govern. Thus, Eq. (h) applies when 7 


nr 


a/5, and Eq. (i) applies when r a/5 


4. Concentration of reinforcement over column 


In this case a higher moment m’ 
rest of the slab. Eq. (e) must therefore be modified as follows: 
v2 


2 / ’ 
Phi = 4m(a — 2z) — = 4mzr /2 + 4(m' — m)r ()) 
a~-r a-r-Z 


a= ¢ 
The new term in Eq. (j) does not contain », and differentiation will therefore 
still give Eq. (d). Thus: 


Phiceg = 8m . —-3+ 2/2 + 
r 
_ 


a 


The ratio m’sm may by Eq. (b) be expressed as: 
m' _q'\l — 4q’) 
m q(l — 44) 
The percentage of concentrated reinforcement, p’, is quite large as indicated in 
Tables 1 and 6. Thus, a maximum value of q’ (1 1,q') of 1/3 should be used rec- 
ognizing compression failures by Whitney's equation M /bd 1/3 f 


5. Eccentric loading, four-edge support 


With an eccentricity of r/2, we consider the load a line load at the column edge 
A mathematical solution is then somewhat complex if the corners are left free to 
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lift. An approximate solution may be obtained by considering the corners tied 
down, the dotted yield lines in Fig. Al. Later a correction factor equal the ratio 


between Eq. (e) and (f) may be applied, which ratio is 0.865 for a 72 in. and 
r = 14 in. For the corners tied down, we obtain 


For the corners free to lift 


APPENDIX 2 


Statistical Analysis of Test Results 


The test results were assumed to fit an equation of the form 


v2 


i 


7 bdf.’ Ve 
8 Pte Ie 


The quantities b, d, f,, and P,,,, were assumed to be without error. Solution of 
this equation for v./f,’ would lead to a form of function to which ordinary least 
squares methods are not applicable. Accordingly, a method of least squares using 
successive approximations} was applied 

The constants a, b, and c were assumed to have approximate values a,, b,, and ¢ 


The function 


has the partial derivative 


OF 


The corrections A, B, and C were obtained by solution of the normal equations 


N 1 N l 
ALT. +8 L pz, +° 


= 
AL + BX a 7 


a1 os ay Sc» Ee 


: ref 


1 
(fide. res et OF 


N 


ALS +Bd 


tT bob 


*Senior Research Physicist. Applied Research Section, Portlans 
tDeming, W. E Statistical Adjustment of Data John Wile 
1943, Chapter VIII 
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where the subscript i refers to the values obtained from ith test result 
the total number of tests. 


The corrected values were obtained from 


%=a-A 
b = b -B 
a=a-C 


The process was repeated by considering the corrected values as a new initial ap- 


proximation, Since the method converges quite rapidly, two approximations were 
sufficient to give the proper degree of accuracy 


For such discussion of this paper as may develop please see Part 
2, December 1957 Journal. In Proceedings V. 53 discussion im- 
mediately follows the June 1957 Journal pages. 





Title No. 53-3 


Prestressed Concrete Pavement for Airfields* 


SYNOPSIS 


Construction and testing of a 500 ft long and 12 ft wide experimen- 
tal prestressed concrete slab are described. Loads on the prestressing 
tendons, development of prestressing in the slab, its load-carrying 
capacity, and the effect of heat thereon were studied. The results 
proved the superior behavior of the slab in all respects, and indicated 
that such construction could be utilized in future airfield pavement 
construction 


INTRODUCTION 


The increasing use of jet planes and heavy wheel loads creates new problems in 


design of rigid airheld pavements. Elimination of expansion joints becomes a re 
quirement in view of the maintenance problems caused by jet blast on joint mate 
rials. Also, current design methods lead to excessive pavement thickness under th 
heavy wheel loads of some new airplanes. 

In 1952, as a part of the continuing search for better and more economical pave 
ments, the Bureau of Yards and Docks undertook a research and development pro 
gram on the possible use of prestressed concrete for airfields, Preliminary investi 
gations and studies led to the building of an experimental prestressed concrete slab 
at the Patuxent River Naval Air Station, Md., during the summer of 1953. The test 


program commenced in September of the same year and was completed in May, 
1955. 


Description of test slab 


The slab was 500 ft long, 12 ft wide, and 7 in. thick. It had 23 longitudinal 
strands, 0.6 in. in diameter, composed of seven wires. Transverse prestressing was 
provided using the same type strands, but only at three selected locations, called 
“test areas,” where the instruments were concentrated (Fig. 1). 

Post tensioning of the strands was selected because it was considered an economi 
cal means of prestressing, and, with the type of strand anchorage used, stressing and 


releasing of strands was possible whenever desired. 


*Presented at the ACI 5lst annual convention, Milwaukee, Wis Feb. 23, 1955. Title No. 53-3 
is a part of copyrighted JOURNAL oF THE AMERICAN CONCRETE INSTITUTE, V. 28, No. 1, July 1956 
Proceedings V. 53. Separate prints are available at 50 cents each. Diseussion (copies in triplicete) 
should reach the Institute not later than Nov. 1, 1956. Address 18263 W. McNichols KRd., Detroit 
19, Mich 

tMember American Concrete Institute, Consultant, Frederic R. Harri Ine Cc 
Engineers, New York, N. Y 
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Longitudinal strands were installed in lower and upper sets. Each set, stressed in 


dependently, could produce compressive stresses in the slab in excess of 300 psi. The 


two sets were used both independently and in combination. The slab also had ordi 
nary transverse reinforcement consisting of #8 bars, spaced at 18 in., in two loca 


tions only (Fig. 1). 
Test program 


Testing of materials was considered a basic requirement for the proper evalua 
tion of any strain or stress measurements. Preliminary friction tests were made at 
the construction site to determine the approximate value of base friction under the 
slab, and to compare the relative merits of various friction-reducing layers. 

Actual testing of the slab was centered around four basic problems: (1) loads on 
the strands; (2) development of prestressing in the concrete and losses due to bas« 
friction; (3) load carrying capacity; and (4) effect of heat on the slab. 

Testing of the slab started immediately after casting in September, 1953, and was 
concluded in May, 1955, when the heat tests were performed. During this period 
work was interrupted only between April and December of 1954, mainly becaus: 


} 


the original loading equipment with 100,000-lb capacity proved to be inadequat 


and had to be replaced. 


MATERIALS 


Subbase 


The test slab was placed on a 2 ft deep sand-clay and gravel subbase. A 4-in. 
layer of sand-clay directly under the slab was deposited on the finished surface of 
the subbase course. All material was placed in lifts of not more than 5 in. and each 
layer was compacted to 100 percent maximum density as determined by the modi 
hed Proctor compaction test. The finished surface of the sand-clay layer was r 
quired to have no projections or depressions greater than % in. when tested with a 


10-ft straightedge. 
Friction reducing layer 


A friction-reducing layer consisting of 1 in. of local sand covered with building 
paper was placed immediately beneath the slab as a result of preliminary tests pes 
formed on small slabs. The sand was quite uniform in grain size, 94 percent of the 


material passing the 40-mesh and retained on the S0-mesh sieves. 
Concrete 


Composition of the concrete was determined by trial mixes. Specifications called 
for an average flexural strength of 760 psi and an average compressive strength of 
5500 psi. 

The final mix used 7 bags of cement per cu yd of concrete with about 34.5 g: 
of water. Coarse aggregate consisted of crushed limestone with a maximum size of 
1! in. Plastiment at the rate of % lb per bag of cement and Darex, to produce 4 


to 5 percent entrained air, were required in the concrete. 





62 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


The quality and characteristics of the concrete were subject to special study 
Specimens were taken at various stations of the slab during placing and tested over 
a period of 1 year in the laboratory. These specimens were field cured to simulate 
conditions prevailing in the slab. 

Compressive and flexural strengths and modulus of elasticity were determined at 
concrete ages of 3, 7, 14, 28, 60, 90, 180, and 360 days. Flexural strength of the con 
crete “in place” was determined from two specimens cut Out at station 0+60 and 
4+48 at the concrete age of 580 days. 

Shrinkage measurements were made on three specimens over a period of 560 
days. These specimens were also field cured and the measured variations include the 
effect of temperature changes and variations in moisture content. After the 200th 
day the specimens were laboratory cured for 90 days. Thermal expansion coefh 
cients of the concrete were determined on three specimens at concrete ages of 28, 
360, and 580 days. In each case, measurements were made with dry and saturated 


specimens. Results of these tests are given in Table 1. 


TABLE 1—CONCRETE DATA 


Age of Flexural Compressive Modulus of Thrinkaw Thermal 
concrete strength, strength elasticity mnittianth« expansion 
days psi psi psi in. per in 
3 395 3070 
7 610 3560 
14 720 4830 3,240,000 
28 805 5180 3,350,000 § 0. 00000616 
60 850 5300 3,560,000 
90 875 5370 3,730,000 
180 885 5970 4,070,000 
360 965 6470 4,220,000 3: 0. 00900654 
*Average values shown. Shrinkage value sent increases and were obtained from field 
specimens 


Prestressing tendons 


Prestressing tendons 0.6 in. in diameter and weighing 0.737 lb per ft consisted ot 


seven, hot-galvanized steel wires. The recommended initial stress for these strands 
is 140,000 psi and they have a guaranteed minimum modulus of elasticity of 24, 
000,000 psi. The strands were manufactured by J. A. Roebling’s Sons ( orp. and 


were delivered with their standard end-fittings. 


Covering used on prestressing tendons 


In designing the test slab, two materials seemed to be most promising for forming 
the conduit around the prestressing tendons. One was Sisalkraft paper, which rep 
resented low material cost but high labor cost. As an alternate solution and afte: 
careful investigation, a plastic material, Aeroflex tubing, which was more costl\ 


but seemed to be more economical of labor, was selected. 
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PRELIMINARY FRICTION TESTS 


During the design of the test slab the need for preliminary investigations to de 
termine the most suitable and economical friction reducing expedient became ap 
parent. Therefore, specifications called for the installation of four 8 ft x 3 ft x 7 in. 
thick test slabs at the site as soon as some portion of the prepared base became avail 
able. These slabs were placed on: 

Slab No. 1-1 in. of sand covered with one layer of building pape 
Slab No. 2—-two layers of Luilding paper 
Siab No. 3 


faces turned together with powdered soapstone between them 


two layers of ccopper-clad Sisalkraft paper, with the coppered 


Slab No. 4-—the prepared base directly, with no intermediate devices 
The setup used for pulling the test slabs and to measure their movement is shown 
in Fig. 2. The pulling force was provided by the same hand jack later used for pre 
stressing. The pulling load exerted on the slabs was measured on a specially cali 


brated link, similar to those used for measuring loads on strands. 
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Fig. 2—Friction test 
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Failure was produced in about 5 min in slabs with friction reducing devices. It 


took somewhat longer to produce failure in the friction surface under the slab 


placed directly on the prepared base. The test results are listed in Table 2 which 


gives the maximum friction coefficients at the moment of failure and also that meas 
ured when the slabs were sliding. As a result of these tests 1 in. of sand covered 


with one layer of building paper (slab No. 1) was selected as the best solution. 


TABLE 2—FRICTION TESTS 


Coefficient of frictior 
wi : — Movement 


before 
failure, in 


Slab No 
At During 
failure sliding 


0.72 0.60 0 045 
1.13 0.55 0.004 
0.77 0.63 0.018 


5.15 1.10 0.012 


INSTRUMENTATION 


Carlson strain meters were positioned ip the concrete at test areas A, and A 
shown in Fig. 3 to determine strains and corresponding stresses in the concrete se« 
tion during the various load tests. Carlson stress meters were placed in the sam¢ 
areas to determine pressures under the slab (Fig. 3). Longitudinal strain variations 
of the slab were determined primarily from readings made on Carlson strain 
meters, called “L” meters, at four stations of the slab (Fig. 4). Four of these meters 
were positioned at each station. Both the strain and stress meters could be used to 
determine temperatures in the concrete at any time, 

Loads on the strands were measured by gages on the hydraulic stressing jack, 
and also by measuring elongation of special links inserted in certain strands (Fig. 
5). The clongations on these special calibrated links were measured with Metzver 
gages. 

The effect of jet heat and its dissipation throughout the depth of the slab wa: 
measured with thermocouples. The 38 thermocouples were attached to 19 dual tem 
perature recording instruments. These were assembled in a panel, and a movie 
camera made recordings every second during the heat test. 

Dial gages were used for deflection measurements during load tests. Such gages 
were used also during short periods to determine the over-all length variation of 


the slab. 


CONSTRUCTION 


Preparation of the base and the installation of the friction reducing layer was not 
an unusual task. 

Handling and wrapping of the 500 ft long prestressing tendons proved to be quit 
cumbersome and time consuming. Both the paper and plastic tubing used for coy 


ering the strands had to be applied by hand in the field, which made this operation 
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costly. Even with special work benches it was difficult to handle the 500 ft long ele 
ments. Their placing also created some problems. 

Prior to placing the longitudinal strands temporary anchors were set at the ends 
of the slab, with turnbuckles attached. After placing the strands, they were con 
nected to these anchors, and a preliminary pull of 1500-2000 lb was applied on each 
by means of the turnbuckles (Fig. 6) to straighten the strands. They were also 
supported by chairs placed 6 ft on centers to eliminate any sag, and to make the 
conduit as straight as possible. 

Concreting was completed in about 114% hr (Fig. 7). For easier spreading and 
finishing of the concrete, the slump was increased gradually to 3!/ in. 

The finished surface was inspected the day following concreting. Two transverse 
shrinkage cracks, which extended full depth, were observed across the slab. One of 
these shrinkage cracks was at station 1+19, the other at station 1465. 


~~. s - 


Fig. 6—Prestressing strands in place for Fig. 7—Placing of concrete 
concreting mental slab 


in experi- 


STRESSING OF THE STRANDS 


The temporary anchorage was released and removed 1 day after the concrete was 
placed. Following this, the strands were checked one by one by pulling them 
through their conduits. None showed any sign of bonding or binding. 

The first prestressing was applied the third day after concreting. First the upp 
strands were stressed starting at the center with strand No. 11 and proceeding 
alternately toward the two edges of the slab, #.¢., to strands No. 1 and 23. After 
stressing ol the upper set was completed, Ja king started on the 


in a similar manner. Two jacks were used; one was electric 


lower strands 
driven, the other 
hand operated. In general, the electric jack proved to be more efficient, consid 
cring the fact that each strand had to be stretched about 36 in. 


The procedure during this first jacking was more complicated than that of | 


at 
stressing Operations because of the numerous measurements on the strain measur 
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ing links. During the first stressing operation, strand elongation and not loads was 
the determining factor to the limits of stressing. Loads, of course, were checked with 
jack gages at both ends of each strand, and also at the strain measuring links. 

The strands never were stressed or jacked from both ends simultaneously. All 
strands were stretched from one end to about 50 percent of the elongation corre 
sponding to the design load of 30,000 lb. The remaining 50 percent elongation was 
produced thereafter at the other end of the strand. This procedure was later al 
tered somewhat, when an additional step was added because it became apparent 
that loads introduced from one end did not develop uniformly along the strands. 
Therefore, as a third step, the load at the first jacking end was checked again and 
the final load was introduced there, if necessary. 


LOADS ON STRANDS AND LOSSES DURING PRESTRESSING 


During the first prestressing operation and the following release, the problem of 
developing and maintaining the desired load on the strands was carefully checked. 

Twelve of the 23 strands were equipped with special strain measuring links as 
shown in Fig. 5. These 12 strands represented four distinct groups: 


1. Three strands in the upper layer covered by plastic tubing 
2. Three strands in the upper layer wrapped in paper 
2 
” 


Same as 1, but in the lower layer 
4. Same as 2, but in the lower layer 


The layout of these strands was such that in certain cases the losses in load be- 
tween the jacking end and the anchoring end could be measured. Six strands had a 
strain measuring link at one intermediate location also (Fig. 5). During stressing of 
the strands measurements on these links were made each time the hydraulic jac 
had to be reset, z.¢., after each elongation of 6 in. 

Results of these measurements are presented in Fig. 8, representing strands 
wrapped in both plastic tubing and in paper. The loads measured on the links are 
plotted as a function of elongation at the jacking end. The diagrams indicate also 
the end or station from which the strands were stressed. The theoretical line given 
on these diagrams represents the strain-load relation of the strands based on the 
minimum guaranteed modulus of elasticity of 24,000,000 psi, if the applied load 
were evenly distributed throughout the entire length. 

The results of these first tests indicated considerable friction losses for paper 
wrapped strands, particularly in the lower layer. On the other hand, these tests 
proved that friction losses can be kept to a negligible value on 500 ft long post-ten 
sioned strands if they are lubricated and covered with fairly stiff material. 

The most unfavorable conditions were observed in group 4, where in two ex 
treme cases practically no load was transferred from one end to the other after ap 
proximately one-half the stretching was completed, and the jacking ends were re 
versed, The actual friction losses were lower when the induced load was low be 
cause at that stage the strands were relatively flexible. Friction losses observed on 
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strands in groups 2 and 3 showed similar results and stressing characteristics al 


though the actual friction losses were lower. 


The most favorable results were obtained with the plastic covered strands in the 
upper layer; average final friction loss was not more than 5 percent. In the lower 
layer, strands with the same covering showed an average loss of 19 percent. The 
paper covered strands in the same sets indicated a relative friction loss of 15 and 62 


percent. There was no binding or bond between concrete and strands. 


SATE BSED : a TA.5* 00 


40 


30 








LOAD IN KIPS 








"i 
~~ THEORETICAL LINE 


“6-4 | |_ “U"JELONGATION | 
10 20 30 40 INCHES 0 i020 


J 








a 








STRAND NO.II STRAND NOI5 
(PAPER COVERED) (PLASTIC COVERED) 








STA.5*00.,_ 0+00 STA.5+ 00 
r sate 


: 





40 


30 














A-94+—f7 | 
| L} 
AAR wi 
= t - , 4 
Mf yew | | 
“a re) j i,t} 
5 8) 10 20 10 20 30 40 


STRAND NO.I8 STRAND NO.6 
(PAPER COVERED) (PLASTIC COVERED) 















































Fig. 8—Stressing of strands. U = upper strand; L — lower strand 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1956 


LOSSES AFTER PRESTRESSING 


Loads on the strands were checked several times before they were released, about 
60 days after the first prestressing started. Due to the various conditions under 
which the strands were stressed, with different loads and with initial differentials 
between their two ends, it is difficult to express the losses over this 60-day period in 
an over-all percentage figure. As the strands had differentials in load between their 
ends, as well as minimum loads at intermediate points, any measured drop in load 
is more likely the result of the leveling off of such differentials rather than the re- 
su!t of losses due to elastic or plastic deformation in concrete or steel. 

Only in the cases of strands No. 15, 19 and 23, which indicated least friction loss, 
would the difference of the average loads measured on both ends at the first stress- 
ing and release be indicative of the actual losses due to shrinkage, creep in the con 
crete, and creep in the strands. The average of losses on these three strands was 10 
percent. Corresponding figures for strands No. 2, 6 and 10, strands No. 3,7 and 11, 
and strands No. 14, 18 and 22 are 9, 10, and 15 percent, respectively. 

Total shortening of the slab during this 60 days was not more than 2.0 in. Since 
prestressing of all strands was completed only after the first 30 days, it may reason 
ably be assumed that average shortening of the slab affecting the strands was not 
more than | in. This shortening would represent a loss of about 800 lb or 3 percent 
loss from the average initial load of 29,000 lb. It can be assumed that relaxation of 
the steel led to 6-7 percent loss, and the total result comes close to the measured 10 
percent loss. 


DEVELOPMENT OF PRESTRESSING IN THE SLAB; BASE FRICTION 


When strands are tensioned, they exert loads on the two ends of the slab and 
these loads create stresses in the concrete section. These stresses are accompanied by 
strains which result in the shortening of the slab. Such shortening is resisted by the 
base friction. Therefore, the applied loads cause stresses that are reduced by the ef 
fect of friction forces. To study development of prestressing in the slab along its 
length, strain meters were installed at four stations (Fig. 4). 

It is obvious that factors other than prestressing also create longitudinal strain 
variations, and must be considered in evaluating test results. Most important are 
thermal changes and variations in moisture content. Both produce volumetric 
changes in the concrete that may occur without accompanying stresses unless such 
changes are restrained, as in the case of any interior section of the slab where base 
friction is present. 

The possible effect of temperature variations can be expressed by the thermal ex 
pansion coefficient of the concrete. Values obtained from specimens indicate a range 


of 6.22-5.13 millionths and 6.38-5.28 millionths for dry and saturated specimens, 


respectively. These figures indicate that a change of 50 deg in temperature would 
create strain in the order of 300 millionths. 

It is considerably more difficult to evaluate the possible effect of shrinkage or vari 
ation in moisture content. Measurements on shrinkage specimens were made under 
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field conditions and for a short period under laboratory conditions. The results of 
measurements made under field conditions obviously include the effect of tempera 
ture changes also. After necessary temperature corrections, the results would indi 
cate an extreme variation in the order of 200 millionths. Initial shrinkage which 
occurred during the first 28 days was disregarded. 

The above figures are considerably higher than the strains which correspond to 
the maximum of 690 psi, to which the slab was stressed. Therefore, it is evident that 
errors made letermining the strain due to temperature and moisture content 
variations must have had considerable influence on the strains indicating the effect 
of prestressing. 

Strain readings at the two ends of the slab presented a lesser problem because 
there it could be assumed that all strains developed freely. At interior sections of 
the slab, these strains could not develop freely because of base friction. 

It is obvious that prior to application of prestressing, thermal changes and varia 
tions in moisture content create stresses in the concrete. These stresses are in equi 
librium with the base friction, which is not constant but varies under sustained 
loads and with changes in temperature and moisture content of the base. Volumet 
ric changes of the concrete, especially those due to temperature variations, are sub 
ject to daily and seasonal fluctuations. These fluctuations cause consequent contrac 
tion and expansion in the slab, Friction forces vary accordingly and alternately hav« 
a decreasing and increasing tendency. 

The actual or governing stress condition in the slab when prestressing is applied 
will influence the efficiency with which the introduced stress can be distributed 
throughout the entire slab length. The fact that the restrained volumetric changes 
and base friction represent a stress condition in equilibrium would indicate that, by 
virtue of simple superimposition, the prestressing forces could be developed prac 
tically without losses. 


The increasing or decreasing tendency of friction forces and the cyclical variation 


of contraction and expansion are, however, of real importance when the develop 


ment of prestressing is to be determined. Losses in prestressing should be a mini 
mum when prestressing is applied during that period when the slab has a tendency 
to contract and when most of the friction resistance of the base is dissipated by th 
restrained volumetric changes—in other words, at a time when the slab is as short 
as possible. 

The preliminary friction tests, conducted before construction of the slab, obvious 
ly did not give the friction values to be expected under a 500 ft long pavement strip. 

After preliminary observation, a detailed test program was set up to study the de 
ve lopment of prestressing from December, 1954, to May, 1955. The slab was stressed 
and released several times and numerous strain meter readings were made before 
and after each of these operations. The mean values of these readings were used 
and seemed to be satisfactorily indicative. 

Results indicate low losses in each case from December to April. In most of th 
cases it is fairly safe to assume that, with the assistance of low temperatures, pre 
stressing was developed practically without loss. 
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This condition changed considerably after April, when increasing temperatures 
caused expansion of the slab and counteracted to a degree free development of pre 
stressing forces. This was clearly indicated when the slab was released from 600 to 
) psi and then restressed to 690 psi. During the release there seemed to be no resid 
ual compression left at the interior stations. Strain indications at these stations 
were less, however, when the slab was prestressed, in which case strains were some 
20 to 25 percent lower than the values registered at the end. By extrapolation these 
values indicate a loss of 30 percent at the center of the 500 ft long slab which would 
amount to 175 psi and give a friction coefhicient somewhat lower than 0.7. 

The final tests were made to determine the effect of repeated prestressing. The 
release of May 1, 1955, indicated a residual compression of 280 psi at the center of 
the slab. After the repeated prestressing performed on May 4, the measured strains 
indicated an additional 510 psi compression at the center. Since the total of these 
stresses amounts to 790 psi, which is more than the introduced 690 psi prestressing, 
it must be assumed that the residual compression of 280 psi decreased somewhat 
during the 3-day interval. 

Results of these tests indicate clearly, however, that by repetition the efficiency of 
prestressing can be increased considerably. 

The test indicated also that there is no constant factor which can express the pre 
stressing losses with a friction coefficient at a given time. The maximum measured 
value of 0.7 seems to be a safe limit, but it is believed that by introducing prestress 
ing when the volumetric changes have a tendency to produce contraction in the 
pavement, this friction coefficient can be reduced considerably. It is believed also 
that for future use a friction coefficient of 0.5 should be used and the prestressing 
repeated several times to increase the efficient development of prestressing in the 
pavement with a minimum of loss. 

A much more evident effect of the development of prestressing forces was dem 
onstrated at the two shrinkage cracks. These cracks opened up somewhat more 
than 1/16 in. before the first prestressing but closed gradually as prestressing was 
applied. These cracks remained tight and hardly visible for the entire time the first 
prestressing was in effect. The cracks opened up after the first release, but closed 
again as soon as prestressing was again applied. Some spalling around the irregu 
lar edges was observed after this second prestressing. 

The actual length variation of the slab was determined from strain measure 
ments. These readings were not continuous and did not coincide with extreme con 
ditions. It is believed, however, that the weighted average of these readings gives a 
fairly accurate picture of the over-all length changes of the slab during the various 
test periods. The maximum measured shortening of the slab occurred in December, 


1954, when the slab was prestressed to 300 psi. At that time, the slab shortened 2.6 


in. The mean temperature measured in the slab at that time was 27 F compared 


with the original temperature of 75 F at the beginning of strain measurements. 
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LOAD TESTS 


Summary 


A total of 29 load tests were performed on the test slab. These tests were made 
under different conditions, varying the amount of prestressing, plate size, and loca 
tion. The tests are summarized in Table 3. 


Most of the tests were performed at the centers of the two load test areas A; and 
As, where the strain and pressure meters were concentrated. It was obvious that 
the narrow width of the slab, with unrestrained edges, would not produce the exact 
conditions to be found in airfield pavements. Still, the geometry of the slab was such 
that the deflection would approximate that of a slab infinite in both directions. Some 
tests were made on the edges of the slab, and to determine the effects of cracking, 
the load-carrying capacity of the slab was investigated at the two shrinkage cracks. 

The diameter of plates with which the loads were applied varied between 2 and 
20 in. The amount of transverse and longitudinal prestressing available in the slab 
was also subject to variation during the tests. During these load tests, deflections 
were measured close to the plate on which the load was applied. During load tests 
performed at the two load test areas, readings were made on the strain and pres 


sure meters as well. 


Load tests on interior of slab 


The first seven load tests were performed on test areas A: and Ay with varying 


amounts of prestressing and sizes of plate (Table 3). Results of these tests were in 


close agreement and no indication could be found as to the effect of plate size or 


amount of available prestressing on deflections. The conclusion from these tests 
was that the then available load of 100,000 Ib was much below the actual load 
carrying capacity of the slab. Therefore, a 100,000-Ib load was applied on a 3-in. 
plate (test No, 11) and then on a 2-in. plate (test No. 12). Both these tests were 
made at station 1+43 where 300 psi longitudinal, and no transverse, prestressing 
was available. These tests were in close agreement and produced considerably 
higher deflections than those measured previously. However, they further proved 
the high moment and shear resistance of the slab because the applied load was high 
and was applied on small areas with concentrations of 14,000 and 30,000 psi. The 
only visible sign left on the slab after these tests was a small imprint about % in. 
deep under the 2-in. plate. 

The actual effect of these loads was observed several months later when a longi 
tudinal crack was observed on both sides of the point of load application. It ts 
likely that this was the result of initial cracking on the bottom of the slab, which 
worked its way through the entire section as a result of cyclical volumetric changes 
(Fig. 9). 

After new loading equipment of 200,000-lb capacity became available, four load 
tests were performed (tests No. 15, 17, 18, and 21). 

The transverse deflection profile of the slab was quite different for the two tests 


made without prestressing. At station 3+60 where no transverse reinfor¢ ing Was 
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Fig. 9—Load test crack pattern 


available, deflections increased suddenly between loads of 100,000 and 150,000 Ib. 


Furthermore, characteristics of the deflection curves changed, showing a tendency 


to uplift at the edges after the load exceeded 100,000 Ib. This can be expected if it 


is understood that the first cracking in the slab took place in the form of a longitudi 
nal crack on the bottom of the slab. Such cracking probably developed at station 
0+83 also, but there transverse reinforcement offered sufficient resistance against 
the increase of this crack and thereby reduced deflections. In both tests similar 
cracks were observed on the surface at a load of about 180,000 lb. (Fig. 9). 

The presence of transverse reinforcement proved to be definitely beneficial. Al 
though it was impossible to establish how much it added to the load-carrying ca 
pacity, measured deflections under the same load were sufhiciently indicative. 

The 200,000-lb load did not prove to be sufficient to produce moment failure in 
the prestressed slab. Load tests No. 15 and 17, performed with 300 psi longitudinal 
and 240 psi transverse prestressing, resulted in comparable deflections, even though 


the first was made with a 20-in. and the second with an %-in. plate. 
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The fact that during test No. 17 the plate punched through the slab under a load 
of 189,000 Ib should not be misleading. This is by no means an indication of the 
strength of the slab, because failure occurred by shear under an extremely high con 
centration of load, close to 4000 psi, at a location where the concrete section had 
been considerably weakened by the inserted strain and pressure meters. The fact 
that the concrete strength at this station was somewhat lower than that of the con- 
crete at test area A, and that the latter test area had transverse reinforcement, 
should be considered also. 


The rate of measured deflection at the test areas where two-way prestressing was 
available can be compared favorably with that measured under loads at stations 
without prestressing. Such comparison indicates that the prestressed slab deflected 
under a maximum load of 200,000 lb in a manner similar to the slab without pre 
stressing under a load of 80,000 lb (Fig. 10). 


Based on the deflection characteristics of the slab without prestressing it could 
be predicted that the prestressed slab would not fail under a load less than 350,000 
lb. This assumption does not take into full consideration the considerable strength 
margin usually observed in prestressed concrete members, but anticipates large de 
flection without excessive local stresses. It is believed, furthermore, that the full ad 
vantage of prestressed concrete pavements could be utilized by allowing temporary 
cracking of the concrete sections. Such cracking would produce only temporary 
discontinuity of the pavement, and the integrity of the slab would be restored after 


the removal of excessive loads, by virtue of its inherent compressive energy. 


A remarkable phenomenon observed during these tests was the high recovering 
ability of the prestressed slab after the maximum applied loads were removed. In 
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stantaneous recovery, after removal of loads, was never less than 85 percent and 
occurred despite that fact that the subbase could not recover within the range of 
observed deflections. 

Since it was considered impractical to obtain loading equipment with a capacity 
of 300,000 to 400,000 Ib, the last series of load tests was made with the maximum 
available load of 200,000 lb, applying this load in short cycles and measuring defle« 
tions for each cycle (load tests No. 22, 23, 24, and 26). 


These tests, although they did not clarify the problems under investigation, did 
demonstrate the high load-carrying capacity of the slab and its recovering ability. 
No limiting conditions were reached which would have proved the effect of the 
00 or 600 psi prestressing. 

The last load test (No. 29) was performed on an 8-in. plate using the maximum 
available load of 200,000 lb. The slab carried this maximum load even with such in 
creased concentration without any sign of deterioration. The measured maximum 
deflection, however, showed an increase as compared to that obtained under th 
same load but applied on a 20-in. plate. 

Pressure meters installed at load test areas A; and As were used to determine the 
base reaction and distribution under the loaded portion of the slab. With the known 
deflection contour for given loads, it was possible to establish the relation between 
pressure and deflection at various points in the test area. This relation, known as th 
K value (lb per sq in. per in. of deflection) or the supporting capacity of the base, 
proved to be variable and showed an increasing tendency, with increasing pressure 
in the higher range of deflections. 

This finding indicated that the basic assumption used in the Westergaard theory 
concerning pressures as varying proportionally with the deflection is not applicable 
in this case. The explanation for this is that the assumption holds true only for a 
limited range of pressures. The actual behavior follows a more nearly logarithmic 
relation between pressure and voids ratio. 

A ty pic al case is shown in Fig. 11, load test No. 5, where the relation between d« 
flection and pressure indicates a K of 80 in the deflection range of 0.01 to 0.02 in 
and a considerably higher K of 420 for deflections exceeding 0.05 in. This demon 


strates the increased compaction produced by the greater load on the base. Under 


these extreme deflection conditions total recovery of the base could not be expected, 


even though the slab itself indicated excellent performance. It was assumed that 
after the first excessive deflection and removal ot the load d void remaine d he tween 
the base and the slab. 

This assumption was proved later when a special load test (No. 27) was perform 
ed, applying the maximum load of 200,000 Ib in several increments and measuring 
simultaneously the maximum deflections and maximum pressure adyace nt to and 
directly under the load. The result of this test clearly indicated that there was no 
contact between the face of the pressure meter at the lower surface of the slab and 
the base until deflections reached 0.08 in. under an approximate load of 100,000 Ib 
At this point the initial K was 200 and increased to 450 under the maximum load 
of 200,000 Ib and a deflection of 0.154 in. (Fig. 12). 
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Actual stress in the concrete section of the load test areas was measured with 
strain meters. Readings were made during various load tests. These measurements 
were used in comparison with deflection profiles, mainly to determine maximum 
stresses in the concrete. They indicated also the point at which cracking occurred 
in the concrete sections. 

Due to deformation of the slab in the loaded area, some restraining movements 
can develop and may influence the readings considerably where the strains are low. 
Since many load tests were made on the two test areas, the increasing number of 
cracks progressively influenced the strain meter readings. For these reasons, strain 
meter readings were considered primarily as auxiliary measurements to compare 
the stresses derived from them with the deflection profiles. 

Typical stress results, shown in Fig. 13, were observed during load test No. 6 on 
meters 3T and 4B. They indicate maximum concrete stresses of 660 to 680 psi. 
The maximum observed flexural stresses were in the same order as long as the con 
crete section proved to be homogeneous. Registration of higher real stresses became 
impossible because of the accompanying cracks which developed adjacent to or at 


the strain meters. 
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Fig. 13—Concrete stress— 
Load test No. 6 


Load tests at shrinkage cracks 


Five load tests were performed at the two shrinkage cracks. The first three tests, 
No. 8, 9 and 10, were performed at station 1+65 with an 8-in. plate, 300 psi longi 
tudinal prestressing, and a maximum load of 100,000 Ib. There was no indication 
during these tests of any shifting along the crack, and the crack seemed to behave as 
a hinge. The measured deflection showed little difference as a result of variation in 
plate location. 

The fourth test (No. 16) was performed at the same location with a 20-in. plate, 
250-psi longitudinal prestressing, and a maximum load of 200,000 lb, Deflections 
were sizable (Fig. 14), but even under such high loads no shifting could be ob 
served through the cracks and the recovery in deflection immediately after removal 
of load was 86 percent. 

An entirely different behavior of the crack was observed during load test No. 20, 
when the load was applied at station 1+19.875 without prestressing in the slab. The 
interlocking action of aggregates across the cracked section lost its effectiveness soon 
after the first load increment was applied. The loaded side of the slab behaved more 
like a free edge than part of a continuous slab. Shifting across the slab increased 
gradually with increase of the load and a crack finally occurred on the top of the 


slab, representing failure due to negative moment (Fig. ‘ 


4). The deflections indi 
cate clearly that cracking started after a load of 125,000 lb was applied (Fig. 15). 
The tests demonstrated the beneficial effect of prestressing across a cracked se« 
tion. The prestressing elements provided tension capacity which, together with the 
remaining concrete compression, formed a couple able to resist moments. Since 
such a section lost most of its rigidity after cracking, it allowed considerable defor 


mation without increase in moments and behaved as a plastic hinge, leading to a 
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Fig. 14—Load test No. 16. Longitudinal prestressing = 250 psi. Transverse pre- 
stressing = 0 psi 


redistribution of moments in a more efficient manner than that of an unre.» forced 
concrete slab. The high recovering ability of such a cracked section with prestress- 
ing is also remarkable. It is unfortunate that no means were available to investi- 
gate the ultimate load carrying capacity of such a cracked section with prestress 


ing. 


Load tests at edge of slab 


Four load tests were performed at the edge of the slab; in each case the load was 
ap, ' ed with an 8-in, plate. 


The first test (No. 14) was performed at station 1+45, where no transverse pre 
stressing was available, but the slab was compressed longitudinally only to approxi 
mately 300 psi. Failure occurred after the load exceeded 75,000 lb. The crack which 
was observed on the top of the slab (Fig. 9) justified the theory that longitudinal 
prestressing increases the load-carrying capacity of a narrow strip even at the edges. 
This theory was further justified when no transverse cracking developed at the 
bottom of the slab under the applied load. 


Unfortunately, the edge load test (No. 19) made on the slab at station 3+60, 


when there was no prestressing applied, proved to be inconclusive because crack- 
ing developed at adjacent sections as the result of another load test made at the 
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center of the slab at the same station. Since edge conditions were not of primary 
interest in the test program, the repetition of this test, which would have in- 


volved the complicated relocation of the loading rig, was omitted. 


The other two edge load tests (No. 25 and 28) were performed at test areas A, 
and A;, respectively, with 600 psi longitudinal and 240 psi transverse prestressing. 
Shear failure developed during test No. 25 at a load of 125,000 Ib and measured de- 
flection of 0.17 in. To that point deflections and loads had increased proportionally. 


No failure was observed during load test No. 28 when the maximum available load 
of 132,000 Ib was applied. Measured deflection under this load was about 0.25 in. 
and showed a rapidly increasing tendency, which would indicate near cracking and 
possible failure. Unfortunately the available load was not sufficient to produce fail 
ure and permit investigating limit conditions for edge loadings. 

The three tests indicate that prestressing is beneficial in resisting edge loads ap 
plied on narrow strips of pavements, even when prestressing is applied in one di 
rection only. Prestressing applied in two directions greatly increased the load-car 
rying capacity of the edge. 


HEAT TEST 


The effect on the slab of heat and blast from jet planes was tested using the after 
burners of the plane (Chance Vought Aircraft—F7U-3, type a/c) for 10 sec in nine 
and five consecutive cycles. Maximum temperatures measured by thermocouples 
placed 4 in. below the top surface of the siab were close to 600 F, somewhat higher 
than the maximum temperatures given by the manufacturer’s jet wake profile. 
Temperatures close to the bottom at the same location did not exceed 100 F. The 
temperature gradient between these two points had a rapid decrease and it is be 
lieved that under the test condition maximum temperatures at the center of the 
slab were about 125 F. 

The prestressing straids are said by the manufacturer to maintain their maxi 
mum design strengths under temperatures up to 600 F. Consequently, the test re 
sults would indicate that with 4 in. of concrete cover, adequate protection can be 
afforded to protect the prestressing tendons from the detrimental effect of exces 
sive heat. 


CONCLUSIONS 


Construction 


Construction of the test slab pointed to problems which must be overcome to 
make this type of construction competitive with present conventional methods. If 
post-tensioning is to be used, tendons should be delivered to the construction site 
with adequate wrapping or tubing. Presently available sheet-metal tubing seems to 
be a satisfactory solution. No attempt was made to prove the advantage in using 
pre- or post-tensioning of tendons for such construction. 
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Materials 


All materials used for the test slab proved to be satisfactory. The friction-reduc 


ing layer used proved to be easy to install, economical, and performed as expected. 


Prestressing operation 


The considerable elongations of the tendons warrant the use of special equip 


ment. A proper sequence in stressing the elements from both ends should be estab 
lished to secure uniform distribution of stresses throughout the entire length of the 
tendons. 


Load on strands 


Losses in post-tensioning during the jacking operation can be kept to a minimum 
if tendon conduits can be kept fairly straight. Losses after prestressing should not 
be excessive, and should not exceed 10 percent for conditions as used in the test slab. 


Development of prestressing in the slab; base friction 


Efficient development of prestressing forces depends primarily on the effective 
ness of the friction reducing layer. For layers similar to that used, a friction coefh 
cient of 0.5 can be assumed. Base friction conditions under the slab are affected by 
numerous factors of which the tendency toward volumetric change in the concrete 
itself is the most important. 

Repeated prestre ssing seems to be beneficial in rat ve loping the prestressing loads 


uniformly along the entire length of the slab. 
Load-carrying capacity 


The tests proved that the slab had a load-carrying capacity well beyond normal 
design practice. Deflections which correspond to ultimate conditions are so ex 
cessive that great deflections in the base, not permissible in conventional practice, 
may take place without detriment to the structural elements. 

No moment failure could be obtained at intermediate points with loads up to 200, 
000 Ib when the slab was prestressed. The indication is that the slab could resist 
loads up to 350,000 Ib. 

The slab showed superior behavior under loads placed at shrinkage cracks and 
at the edges. 

The load tests were not conclusive as to the effect of varying the amount of pre 
stressing and positioning of the tendons. It is believed that a minimum of 100 psi 
should be provided in the slab in addition to the stresses which may be dissipated by 
base friction. Actual positioning of tendons seemed to be satisfactory from both the 


theoretical and practical viewpoints. 


Heat tests 


Results of the heat test indicate that the tendons as positioned in the slab would 
not be subject to detrimental temperatures due to jet blasts. 
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Earthquake Resistant Design Based on Dynamic 
Properties of Earthquakes* 


By G. W. HOUSNER# 


SYNOPSIS 


A method of earthquake resistant design is proposed that takes into 
account the dynamic properties of earthquake ground motion and the 
dynamic properties of the structure. The method is applied to rein- 
forced concrete cantilever chimneys and by appropriate simplifica- 
tions the method is made sufficiently simple to be usable in ordinary 
design practice. The bending moments and shears given by this meth- 
od differ markedly from those given by the percent g method of de- 
sign. In particular, they give more economical designs for tall, flex- 
ible chimneys. 


INTRODUCTION 


Building codes in active seismic regions usually specify that structures be de 
signed to resist certain static lateral forces. Sometimes the lateral forces are spec 
if'ed to be a constant percentage of the weight of the structure (percent g), which 
is strictly correct only if the structure is rigid. At other times some allowance is 
made for the dynamic properties of the structures; for example, by specifying 
smaller lateral forces for tall buildings than for short buildings or by specifying a 
percent g factor that is variable over the height of building. The lateral forces 
specified by the codes are not intended to represent the actual forces that might 
be acting during an earthquake, but rather are intended to provide strength ade 
quate to withstand the deformation pioduced by strong ground motion. The 
rather limited experience obtained during strong earthquakes with structures 
designed by these methods indicates that the behavior of ordinary structures is 
satisfactory but that a more detailed dynamic analysis is desirable for extraordi 
nary structures. The particular structure with which this paper is concerned is 
the reinforced concrete cantilevered chimney, but it will be seen that the same 
method of analysis and design can be applied to structures of other types. 


A thorough analysis of the behavior of a cantilever chimney during an earth 
quake requires that it be treated as a vibration problem in which the motion of 
the ground excites the structure into oscillation. Since the precise characterisiics 


*Presented at the ACI Seventh Regional Meeting, Los Angeles, Calif., Oct. 29, 1954. Title No 
53-4 is a part of copyrighted JoURNAL OF THE AMERICAN CoNcreTe INsTITUTE, V. 28. No. 1, July 
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Rd., Detroit 19, Mich 

tProfessor of Civil Engineering, California Institute of Technology, Pasadena, Calif 


85 





86 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1956 


of a future earthquake cannot be known at the time a structure is designed, it is 
necessary to rely on the instrumental recordings of past earthquakes. However, 
studies’ have shown that the ground motions of past earthquakes fall into a 
definite pattern and there seems to be no reason why future earthquakes should 
differ radically. 

When analyzing a proposed structure one could compute the stresses and 
deformations induced if the structure were subjected to the ground motion re- 
corded during past earthquakes. For most structures, at least those that have 
several modes of vibration, such an analysis would be time consuming and does 
not seem feasible for normal design procedure unless the proposed structure was 
very special. What is desirable is a method of design that takes into account all 
of the pertinent facts but which, even at the sacrifice of some accuracy, is suf- 
ficiently simple and straightforward for normal design procedures. Such a meth- 
od must give approximately the same factor of safety for different structures and 

"nied the same factor of safety for different parts of the 
oe same structure. In the case of the concrete chimney 

this requires that a 300-ft high chimney have the 

same factor of safety as one only 50 ft high; that a 

30-ft diameter chimney have the same factor of 

@ safety as one of 10-ft diameter; that a chimney of 
a 24-in. wall thickness have the same factor of safety 
as one of 10-in. wall thickness; and that the factor 

of safety at midheight be the same as that at the 


base. 


The proposed method of design achieves this; 











La PrITsrriy however, because of the simplifications intro- 
Fig. 1—Cantilever chimney duced there is some loss of accuracy. 





CANTILEVER CHIMNEY, RIGIDLY FIXED AT BASE 


If a cantilever chimney of uniform cross section, as shown in Fig. 1, has its base 
subjected to horizontal ground motion, it is well known* that the displacement at 
any point can be computed from the expression 


T 
y= r= Py face» sin p(T — dt 
n a 0 


where 
y = lateral displacement at time T 


Fr, =F, = = function giving shape of nth mode 
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= coordinate measured along the axis 
dimensionless number, a; = 1.88; ay = 4.69; ay = 7.85 


: al El for smal! damping 


= Young’s modulus 
moment of inertia 
= height of chimney 
= mass per unit length 
ground acceleration 
= damping factor (viscous damping) 


If the ground acceleration a is that recorded during an earthquake, Eq. (1) 
can be used to compute the motion of the chimney, and the shear and bending mo 
ment can be computed by taking the appropriate derivatives: 


2 T 
EI oH = /kI > Pe foes» sin p.(T — t)dt 
o 


P ; “Tr 
= El] oy = pes ; ake" fart» sin p(T — dt 
. 0 


Numerical computations using the preceding equations would be lengthy so 
that the following simplifications are introduced. It will be noted that each term 
of each of the equations contains the express.on 


T 
foes sin p(T — t)dt 
0 


Anaylsis of strong-motion earthquake records’ shows that the maximum 


value of this integral, for moderate damping can be approximated by the follow 
ing expression 


Al — ¢*) 
where 
, , 2n 
period of vibration = ; 
Dn 


coefficient depending on intensity of ground motion and damping 


Fig. 2 and 3 show a comparison of Eq. (5) with values computed from recorded 
ground motion. 


If Eq. (5) is used in Eq. (2) and (3) instead of Eq. (4) it is equivalent to 
adding the maximum values of the modes of vibration. The effeet of using Eq. 
(5) is thus to overestimate somewhat the probable stresses and displacements 
and properly a factor should be introduced to allow for this. However, an arbi 
trary factor must be chosen anyway to establish the intensity of ground motion 
to be used in the design and this can be adjusted to take care of the overestima 


tion. The important point to note is that the use of ‘Eq. (5) affects all chimneys 
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Fig. 2—Maximum value of 
Eq. (4) evaluated for the 
N-S component of ground 
motion of the El Centro 
earthquake of May 18, 1940. 
Curve A is for 20 percent of 
critical damping, curve C is 
— for 40 percent of critical 

damping, B and D are Eq. 

(5) fitted to the curves 
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Fig. 3—Maximum value of 
Eq. (4) evaluated for the 
S69E component of the July 
21, 1952, Tehachapi earth- 
quake. Curve A is for 10 per- 
cent and curve C is for 20 
percent of critical damping, 
B and D are Eq. (5) fitted to 
the curves 














Fig. 4—Comparison of 

shapes of bending moment 

and shear diagrams given by 

Eq. (18) and (19) and those 

A given by the percent g 
BENDING MOMENT method 














in a similar fashion and does not affect the relative factors of safety. The bend- 


ing moment and shear may thus be written 


M = V/pEl > F.”[A,(1 — €*7)) 


V = Vv cE! _ aF.’”"[A,(1 ae o*Te)) 
h ~ 
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Tests on a concrete building * indicate that the fraction of critcal damping is de 
pendent on the internal damping of the concrete and is essentially independent 
of the frequency of vibration. The A» may thus be taken the same for each mod: 
of vibration. The period T» is larger for the higher modes and therefore it 
Tn is set equal to T, the effect of the higher modes is somewhat overestimated 
Keeping this in mind, the approximate expressions for the bending moment and 


shear are: 
M = [A(1 — e*?)] V/pEl > F,’ 


Sh 
V= [A(l - ¢ *71)] v sr >. ne ta (9) 


n 


It will be noted that each of these expressions is composed of three factors, the 
first giving the influence of the ground motion, the second giving the influence 
of the physical properties of the chimney, and the last giving the shape of the 
bending and shear diagrams. When these last factors are evaluated for the first 
three modes of vibration* and allowance is made for the overestimation of th 


higher modes, the results can be represented by the following expressions: 


j ‘ 
LF.” = p,[ 0 o(7) + o4() | (10) 


j00 5z  2fry 
LaF. - 2,55 2(7)'| (1) 


These shapes are only approximate and tend to overestimate the influence of 


the higher modes for the more rigid chimneys. 


APPLICATION TO DESIGN 


The expressions for shear and bending moment can be written 


j ‘ 
= D1 — e*7) vb 06(7) + o4(7) ] (12) 


ahs I 2(2)"] 
ae al ~ 
= D,(1 et) h 3h 3\h (13) 


where the factors D, and D:. contain the effect of the damping and the intensity 
of the ground motion. For a circular chimney of centerline radius R it may be 


verified that for E x le psi 


4n 5 ht 


= Pa ~ 9500 R 


*The details of this calculation are given in the appendix 





90 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


whch for convenience may be approximated by 


(% 
hj R 
100 ft 

5 ft 


V EI VC Qn Rt) E(xR) 
where ¢ is the wall thickness and 7 is the weight per cu ft of concrete.* This may 


be written 


/oBI = 2” Ve gE 
V ekl 25 wh 2y pR 2y 


Since E, g, y are essentially the same for all chimneys the factor 
VeE 
2y 


may be lumped with the factors D, and Dz to obtain 


w -cat(s -< VCD) o4(2) 04() 
v= o2R( - /@) (62 5 3(3)) 


where w is the weight per ft. 


If the coefficients C; and C» are evaluated from the preceding analysis for 10 
percent of critical damping, for the two components of recorded ground motion 
of the El Centro, Calif., December, 1934; El Centro, May, 1940; Olympia, Wash., 
April, 1949; and Arvin-Tehachapi, Calif., July, 1952, earthquakes, which are the 
strongest recorded ground motions, one obtains values for the coefficients as 
fo'lows: 

600 < C, < 1200 

1400 < C;, < 2800 
However, these values apply to rigidly built-in cantilevers and in actual practice 
the base of a chimney is not absolutely rigid and the precise value of damping 
that a chimney may have during an earthquake is not known either. If the co 
effic.ents are evaluated so that the moment and shear at the base are equal to 
those produced by the above earthquakes in the first mode of vibration only, one 
ob:ains 

200 < C, < 400 

400 < C, < 800 


*If the chimney has a lining, y should be taken to be the total weight per sq ft, of concrete 
plus lining, divided by the thickness of concrete 
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Properly, the values of C: and C2 to be used should be established on the basis 
of tests and observations of existing structures. Unfortunately, there is little of 
such information available. It appears that the next best procedure is to utilize 
the fact that structures similar to short rigid chimneys designed for 20 percent g 
load have withstood strong earthquake motion satisfactorily, and to determine 
the Ci and C2 so as to give the same factor of safety as is obtained by designing 
short, rigid chimneys for 20 percent g. 

Values of Ci: and Cz can be deduced by noting that for short, rigid chimneys 


(h/r,9) the preceding equations give for the moment and shear at the base 


wh? 


M = Cw 2 


A? 
7 R. =k (k = 2C\R,/h,*) 


h 


V = Cw A R, = kwh (k = C,R,/h2) 


The terms k (wh?/2) and kwh are the moment and shear at the base of a rigid 
chimney where & is the fraction of g of horizontal acceleration. Corresponding to 
k = 0.2 the factors C; and Ces are: C; = 200 and C 400. With these values Eq. 


(16) and (17) can be written in the form 


wh? r\i (z)'| 
(0.2A) 2 [ 00(7) + 0.4 h 
(0.24 )wh [’ h 3\h 


where 


aCalca, 
~ \heJ \R, 
100 ft 
5 ft 
height of chimney 


centerline radius 
distance from top of chimney 


These equations may be interpreted as follows. The term 0.24 represents the 
lateral load factor; for an extremely rigid chimney A 1, and the factor cor 
responds to a lateral force produced by an acceleration of 02g. The factor A 
represents the influence of the physical characteristics of the chimney upon its 
response to the ground motion; the magnitude of A decreases for more flexible 
structures. The factors wh*/2 and wh are the bending moment and the shear 
at the base and the expressions within the brackets give the shapes of the bending 


moment and shear diagrams. 
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These equations give design bending moments and shears which take into 
account the characteristics of recorded strong-motion earthquakes, and also take 
into account the effect of the physical properties of the chimney on its response 
to the ground motion. The shapes of the bending and shear diagrams given by 


Eq. (18) and (19) are the approximate envelopes of maximum shear and bend 
ing during an earthquake. To show how these equations compare with the mo- 
ments and shears given by a uniform, static, lateral load, Fig. 4 to 8 have been 
prepared, Fig. 4 compares the bending and shear diagrams and to make the 
comparison of shapes clear the moment and shear at the base are taken to be the 
same for both methods. It is seen that Eq. (18) and (19) give larger bending 
moments and shears at the midheight than are given by the percent g method 
of design. It can thus be concluded that the percent g method will under-design 
the middle region of the chimney as compared to the base and it can be expected 
that chimneys designed by that method will have a tendency to fail in the mid 
dle portion. Such failures were observed following the Tokyo earthquake of 1923. 
Mononobe* reported the locations of the points of failure of 115 concrete and 
brick chimneys. His findings are given in Table 1 where it is seen that 60 per- 
cent of the failures were above the third-point. 


TABLE 1—LOCATION OF POINTS OF 
FAILURE OF 115 CHIMNEYS 


Location 


h-0.9h 
0.9h 0.8h 
0.8h-0.7h 
0.7h 0.6h 
0.6h-0.5h 
0.5h-0.4h 
0.4h-0.3h 
0.3h-0.2h 
0.2h O.1h 
O.1h- O 


Fig. 5 and 6 compare the bending moment and shear at the base of a 20-ft di- 
ameter chimney as computed by Eq. (18) and (19) and by the percent g method. 
It is seen that for a short rigid chimney, Eq. (18) gives bending moments that 
agree with the percent g method, but for taller, more flexible structures the bending 
moment appreciably is below that given by the percent g method, and for heights 
greater than 300 ft the bending moment remains constant. This limiting value 
of the bending moment is a consequence of the dynamic properties of cantilever 
beams. It does not mean that the motion excited by the earthquake is the same for 
all chimneys above 300 ft high, for if Eq. (1) is adjusted in the same fashion as 
Eq. (18), that is, to give the same maximum displacement at the top for a short 
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rigid chimney as produced by a 20 percent g load, the maximum displacement at 
the top is given by 


2 wh‘ (1 — e°*) 
D = - 
Yuer ~ 108FI 


A plot of this equation for R = 10 ft is shown in Fig. 7 where it is seen that th 
displacement increases rapidly with the height and for 4 > 300 ft the displacement 


increases as A*. Thus a 600 ft high chimney would experience displacements four 


times as great as a 300-ft chimney. However, a 600-ft chimney is more flexible than 
one 300 ft high, in fact the flexibility is just four times as great so that the bending 
moments associated with the displacements of the 600-ft chimney are the same as 
those associated with the smaller displacements of the 300-ft chimney. The drop 
ping off of the shear, as shown in Fig. 6, occurs for the same reason, namely, that 
the flexibility of the chimney increases rapidly with height. One can obtain an in 
tuitive feeling for the validity of Eq. (18) and (19) by imagining a 20-ft diameter 
concrete pipe supported horizontally in such a way that it is free to vibrate back 
and forth. If one end is clamped and shaken with a motion corresponding to an 
earthquake, the behavior of the pipe will be the same as that of a chimney. It is 
clear that if the pipe is 1 mile long the bending moments produced will not be the 
same as the bending produced by a percent g load and, in fact, the maximum mo 
ments produced in a 2 mile long pipe will be essentially the same as in the 1 milk 
long pipe. As can be seen from Eq. (18) and (19), as the height of the chimney 
is increased a point will be reached where the design for wind load will govern 
rather than the design for earthquakes. 

Fig. 8 shows the bending at the base as computed from Eq. (18), tor chimneys 
200 ft high with a range of radii, and the same quantities computed for a 20 percent 
g load. It is seen that the moments and shears are reduced by the flexibility of smal! 
radii chimneys. 

Eq. (18) and (19) are based on the supposition that chimneys of all proportion 
are comparable and should all have the same factor of safety; theretor 
not be used for chimneys that are unusual in some way so that the 
to the ordinary type of chimney. It may also be that larger factors of 


sirable for tall chimneys than for short chimneys. 


TAPERED AND BATTERED CHIMNEYS 


The foregoing analysis was for chimne ys of uniform cross section whereas mo 


chimneys have a wall thickness which diminishes toward th tor) ind may has i 


variable radius which also diminishes toward the top. Properly, an analysis similar 
to the foregoing should be made for such structures, hows ver, so many 


tions ol batter and taper are possibl that this approa h would awl Wari 


dinary design. For special chimneys such an analysis should be made but for 
nary chimneys with nominal batter and taper the following method is proposed 
The influence of the batter and taper may be taken into account in the followin 


approximate fashion. Compute the bending moment and shear at any section by 
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EARTHQUAKE RESISTANT DESIGN 


Wz 
wir) 


vr) 


moment at section 

shear at section 

moment given by Eq. (18) for chimney of same height and same base radius 

shear given by Eq. (19) for chimney of same height and same base radius 

weight of chumney above section 

weight of uniform chimney (Eq. (18) above section 

distance from section to center of gravity of portion of chimney above the section 
distance from section to center of gravity of portion of uniform cross section chimney 
above section 


This procedure will give a moment at the base of short rigid chimneys the 
same as that obtained by a 20 percent g design. For tall chimneys the procedure 
will give good results if the fundamental period of vibration of the battered or 
tapered chimney does not differ too much from the period of the uniform cross 
section chimney used in Eq. (18) and (19). If the batter or taper is sufficiently large 
to indicate a significant difference in periods, the radius of the equivalent uniform 
chimney should be determined so as to give the same period as the tapered chimney. 
In this connection, it may be noted that battering the wall decreases the period of 


vibration and tapering the radius increases the period of vibration, and to under 


estimate the period is to be conservative. 


Example 


Let the chimney to be investigated have the following properties: 


25) ft 

10-ft centerline radius at base 
5-ft centerline radius at top 

2 ft wall thickness at base 

6 in. wall thickness at top 


The taper and batter are considered to vary linearly along the length of the chim 
ney. The proportions are sufhciently far from those of a uniform chimney so that 
the fundamental period of vibration should be checked. This can be done by th 
energy method as follows, If the chimney is vibrating freely in a steady state in the 
first mode, the displacement is given by y sin pit. The strain energy of bending and 
the kinetic energy of vibration are given by 


welif*s | , 
sz.-[! ‘ EI sin? pil 


7 
K.E. = [3 fovnae | cos’ pit 
2S 


Equating the maximum strain energy to the maximum kinetic energy gives the 
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period of vibration 7; as 


ia } 
2 
~ ova: 
< > eaeee 


mes = 2 
1 “yw 
I EI ™ 


A satisfactory approximation is obtained by taking the bending moment, M, and 
displacement, y, to be those produced by the weight of the chimney if it were a 
horizontal cantilever beam. The integrals in Eq. (20) can be calculated by one of 
the usual numerical methods. In the present example the chimney has no lining but 
in case that it does the weight of the lining should be included in the calculations. 

Eg. (20) for the present example gives a period of 2.1 sec. For a uniform chimney 
having A = 250, R = 10,¢ = 2, Eq. (14) gives a period of 1.65 sec so that the tapered 


chimney has a somewhat longer period. Wriung 


hy (fe) = 23 


and solving for R gives the following equivalent uniform chimney having the sam« 
period as the tapered one: 


R= 8 ft 
h = 250 ft 
t = 2 ft (arbitrary) 


Table 2 gives the results of the calculations of the moments and shears. 


TABLE 2—MOMENTS AND SHEARS (X 10°) 


(1) (2) (3) (4) (5) (6) (7) (8) |(1)K(7)) (2) «08 

’ ft M.,. _ Wa Wa . Ww Ww, (3)—(4) | (5)~—) M V 
50 64 0.58 42 189 By j 7.5 0.22 0.23 14 0.13 
Lo 95 1.05 200 750 4.7 15 0.27 0.31 26 0.33 
150 120 140 550 1700 9.1 22 0.33 0.40 41 0.56 
200 160 1.70 1160 3000 15 30 0.39 0.51 67 0.87 
250 230 1.90 2100 4700 24 38 0.45 063 195 1.20 

Mau moments for 8-ft radius chimney [Eq. (18)], ft-lb x 10 

Vew Shears for 8-ft radius chimney [Eq. (19)], lb x 10 

M moments for tapered chimney, ft-lb x 105 

\ shears for tapered chimney, ft-lb x 10° 


From Table 2 it is seen that the moment and shear at the base of the tapered chim 
ney are equal respectively to those given by a percent g design where the fractions 
ot g are 

a (0.05)g 


For moment 1m 
ee 


For shear 2 = (0.032)g 
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Fig. 8—Variation of maxi- 
mum bending moment at 
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Fig. 9—Moments and shears for tapered chimney 


The bending moment at the base is equal to that given by a wind load of 10 psf 


of projected area. Had the calculations been made on the basis of a uniform chim 
ney of 10-ft radius instead of 8-ft radius the moments and shears would have been 
found to be 15 percent larger. The moments and shears listed in Table 2 are shown 


in Fig. 9. 


SUMMARY 


Eq. (18) and (19) embody a number of approximations, and to make these clear 
they are listed below. 

1. A “standard” earthquake is used which has the characteristics of the average 
of the strong ground motions recorded in the past. 

2. Mathematical expressions for bending moments and shear have been simpli 
fied and this results in an overestimation of the higher modes in the case of short, 
rigid chimneys. For the very rigid chimney the bending moment and shear should 
be more nearly like those given by the percent g method. 


3. Formulas have been adjusted to cive maximum moment and shear at the base 
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which, for rigid chimneys, agrees with those given by a 20 percent g load. This, 
in effect, establishes the earthquake intensity to be used in the design. It is assumed 
that the same factor of safety is desirable for chimneys of all heights and it is as- 
sumed that the dynamical behavior of all chimneys is similar, that is, the percent 
of damping is the same, and restraint at base is the same. 

4. Shapes of the bending and shear diagrams given by application of the method 
are only approximate. This is due to the simplifications introduced and to the fact 
that it is not possible to predict the precise character of future earthquake ground 
motion. 

The proposed method of calculating design values of bending moments and 
shears gives values that take into account the dynamic influence of the mass, height, 
radius, wall thickness, and variation of radius and thickness over the height. 
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APPENDIX 


For a uniform cantilever beam the expressions in Eq. (8) and (9) have the follow- 
ing forms: 


r LZ L I 

* a On + COB an F sinh a, i + sin a, h) 
cosh a, + CO8 a» sinh a, + SiN a,» = 

a, (sinh a, + sin «(' a fo = C8 Ge _ ain ao — in =f 


iat” as 


osh a, + COB a, = 8nh a, + BIN ay 


a cosh a, + C08 a, sinh a, + sin a, 
L als => . > ——— 


= aa — BIN a, i cosh a, i + C08 a, s) 


cosh a, — cosa, sinha, — sina,\ 
(sinh a, + sin ap) > - — 
cosh a, + cosa, sinh a, + sin a, 


When these expressions are evaluated for n summed from 1 to 3 and allowance is 
made for the aforementioned overestimation of the higher modes, the results can be 
expressed by Eq. (10) and (11). 


For such discussion of this paper as may develop please see Part 
2, December 1957 Journal. in Proceedings V. 53 discussion im- 
mediately follows the June 1957 Journal pages. 





Title No. 53-5 


Structural Analysis by Dynamic Load Parameters* 


JAMES A 


SYNOPSIS 


Summarizes the method of normal modes which may be used in 
the analysis of structures under blast and earthquake excitation. So- 
lutions are simplified to give equations involving several basic non- 
dimensional parameters. The equation which applies to all structural 
problems solved by the method of normal modes is: 


gry ge | Dynamic | 
N * . . . 

Function Factor Load Factor 
Deflection = C >> = : 

_ ‘ ‘haracterist | 
Number 

The bracketed terms are nondimensional factors, the C-term car- 
rying the required dimensions. Application is made to a reinforced 
concrete building under earthquake and blast loading 


INTRODUCTION 


Use of orthogonal functions in solving dynamic problems in structures is not 
new. Engineering literature is well populated with articles and books giving de 
tailed discussions and examples of the method. However, as yet, civil engineers 
have not adopted the procedure in the analysis of buildings under earthquake and 
blast loading. In the case of earthquake loading, the most common procedure is to 
design for an assumed horizontally applied load equal to some percentage of the 
weight of the structure. This percentage of the gravity force has been chosen on 
the basis of experience and judgment of practicing engineers. Blast design, being of 
general interest only recently due to its application in civil defense, has been treated 
more fully from the theoretical standpoint than has aseismic design. 


However, as will be pointed out, the theory and solutions obtained from blast 
problems are equally applicable to earthquake problems. Conversely, methods used 
in the analysis of the response of structures to ground motion may readily be used 
to analyze the response of structures to blast. A great deal may be gained by com 
paring progress made in both fields. 


*Presented at the ACI Seventh Regional Meeting, Los Angeles, Calif., Oct. 29, 1954. Title No 
53-5 is a part of copyrighted JougNaL or THE AMERICAN CoNcreTE INeTITUTE, V. 28, No. 1, July 
1956, Proceedings V. 53. Separate prints are available at 50 cents each. Discussion (copies in 
triplicate) should reach the Institute not later than Nov. 1, 1956. Address 18263 W. MecNichols 
Rd., Detroit 19, Mich 

+*Structures Engineer, Missile Systems Division, Lockheed Aircraft Corp. Los Angeles, Calif. 
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The purpose of this paper is to present the normal mode method of analysis in a 
simplified form. It is hoped that the simplified equations involving parameters 
having some physical significance will clarify the approach and make it more 
amenable to use in general design. 


NOMENCLATURE 


Certain basic quantities used in the derivation to follow are shown in Fig. 1. 
Other symbols will be defined as they are first used. 


me 


modulus of elasticity 

flexural rigidity about the z axis 
base of natural logarithms (2.73) 
acceleration due to gravity 
moment of inertia about the z axis 
length of beam 

mass per unit length 

bending moment about the z axis 
force in the y direction 

generalized force in the y direction 
generalized coordinate 

time 

kinetic energy 

potential energy 

shear in the y direction 

distance along the beam 
transverse displacement, velocity, acceleration 
axis of rotation normal to zy plane 


eeunnaud 


" 


iu 














> y 


i 


Fig. 1—Basic 
relationships 


THEORY 


For the purpose of presentation, examples will be limited to cases involving 
structures which may be approximated by uniform beams. The differential equa- 
tion of motion of a beam, neglecting shear deformation and rotatory inertia, has 
been derived many times. Two of the more convenient references are Timoshenko’ 
and Karman and Biot.? This differential equation may be solved by any one of the 
classical methods. It is known that these methods lead to a unique solution in terms 
of an infinite series of characteristic functions (normal modes) which are orthog- 
onal. Much labor can hence be saved by adopting the common procedure of as 
suming the form of the solution and evaluating the coefficients of each term 
(method of normal coordinates). 

The case of a beam subjected to motion at the supports will be treated here, and 
similarities between this and other types of loading will be pointed out. No re- 
strictions will be made as to end conditions for the beam; however it will be postu 
lated that all supports will undergo the same displacements. Expanding the de 
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flection of the beam relative to its supports in terms of generalized or normal co 
ordinates, we obtain 


y(z,) = y.(z,t) + Dd ¢.(z)9.(0 
t=l 


where yo (x,t) = motion of the supports; ¢i (x) = characteristic function; gi (t) 
generalized coordinate. 


The equations of motion of a beam in terms of its generalized coordinates are 
Lagrange’s equations.” 


£(#f) _ OT , au 


= = rea 
dt \dq, aq, aq: Q: (i 1, 2,3 


d 7) aT , au 
dt 01), 4 OY. + OY. = Q. 


El “s dy 2 
9 dz? dr + + + (potential energy) 


m 
T mf ieas + + + (kinetic energy) 


« 


_ ay 
Q [ren Mar. “- | 


"? 
Q. Je zt) Vide... 
Oo 


Substituting Eq. (1) in Eq. (3) and (4) results in 


(generalized force) 


__ ble “!/dg,(2) \? 
U = 2 La , ( A +) dz 


dz? 


* 9 x i 
> my,'l ° meé 
7 ° + Mi, p> qi (oz dx + 3 az qe (7) 
- ‘= 4 tel 


In the case being considered the only force applied to the beam is applied to the 


supports. However, the motion of the supports is not a function of qi. Therefore 


a - 
a1 
Q, free der = 0 
) o”q 


Substituting Eq. (6), (7), and (8) into Lagrangian equations the following 
equation is obtained: 


*) *) - ‘ 
- *4/ 2 
mij iE (r)dr + mili, + Ely. f (: ° ~ ) dz 0 (9 
Jo J dr’ 


The characteristic function represents the shape of the harmonically vibrating 
beam in the absence of external excitation. This function has been established as 


= Asin Br + B cos Br + C sinh Br + D cosh Bz (10 
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where 2* = mo*/EI. This may be verified by study of reference 1. The arbitrary 
constants are determined by the boundary conditions imposed on the beam and the 
condition of orthogonality, namely 


i ° 
(Zero for i # j 
7(z)dr = ; 
Jne scsseand f Arbitrary fori =) Ada — (11) 


For the case i = 7, it is convenient to normalize the equation by letting the arbi- 
trary value of the integral be equal to mil. It follows then that 


"1 
mor ayar = ml at (12) 
L} 


ha ” ] d* pi (x) 
Defining ¢ as — ———— 
Bp’ 


= it follows from Eq. (10) and (12) that Eq. (9) 
x 


becomes 
i 
mi. f occas + mig, + El|p sq, = 0 
Rearranging and defining Lr 
m"* ’ 
. 1 ‘ 
ql) + w(t) = — bj éAz)dz Cer (14) 
° 


It can be shown!’ that o are natural undamped frequencies of free vibration 
and that for conditions of zero velocity and acceleration at time equal zero, Eq. 
(14) has the following general solution: 


‘ i 
q(t) = — 1 fig Lf, (z)dz + sin w(t — v)d» 
Oi Je o 


1 ‘ 
qi) = - J! fouaas . w fu sin w(t — v)dy 


The above equations solve for the unknown function qi, and theoretically the 
problem is solved. If the same procedure were followed for the case of an arbitrary 
impulsive load on a beam, the following solution for gi would be derived: 


Fe 7. a “4 
qh) = ~—_ * | fo4a)Wa)ae . w ff) sin w(t — v)dv.... 
wil l 0 oO 
where the applied load 


w(z,t) = o W (2)f(0) 


P, ... maximum total blast force 
Wiz) space distribution of force 
J(© ... time variation in the force 


In the above solution for blast loading it has been assumed that the load may be 
broken down in the manner indicated. If for any reason the space distribution of 
force is a function of time or the time variation of force is a function of distance, 
the above solution is invalid. However, many times blast loadings may be approxi- 
mated closely by the above assumption. 
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SIMPLIFIED EQUATIONS 


In fairly recent years studies have been made which simplify the numerical work 
involved in using the normal mode approach. One of the most important publica 
tions has been the tabulation of characteristic numbers, characteristic functions, and 
the successive derivatives of the characteristic functions. These tables are due to 
Young and Felgar and have been published by the University of Texas.* Other 
investigators, such as G. W. Housner and W. T. Thomson have applied elec 
tronic computers in solving the time varying part of the solution.*”® 

To see how these various investigations fit together, it is convenient to express 
Eq. (16) and (17) in the following form: 


Ck D, 


(t) = 
q(t) (aly* 


Where 


For blast For earthquake 
PLP . mgl* 
El EI 


1 "1 | t 
1 f6.(2)W(a)de ¥ 1 f6.(a)de 
7 ’ 
D,; = w fro sin w(t — v)dy dD, wf pe sin w(t y)dvy 
0 o g 


»2ml* »2ml* 
(gl)* = wm Vs w 
OY = BT . El 
With the exception of the factor C, all of the above coefficients are nondimen 
sional. By comparison between the two columns it is possible to see the similar 


ities as well as the essential differences between earthquake and blast response. 


Participation factor 


The coefhicient ki determines to what extent various modes participate in the 
statical deflection for the blast case. It is therefore called the participation factor. 
The value this factor takes is a weighted average of the characteristic function 
$i (x). When the exciting force is uniformly distributed over the length of the 
beam, W(x) 1, and the participation factor for blast becomes a straight aver 
age of $i (x). 

As may be seen from the coefhicient C, the weight of the structure is analogous 
to an exciting force, in the earthquake case. Inasmuch as a uniform beam is under 
consideration, it is consistent that ki for the earthquake case is shown as a straight 
average of $i (x). If the beam had a distribution of weight W(x), the ki for earth 
quake would be the same as for blast. 


Dynamic load factor 


A dynamic load factor is so termed because it tells how much the static response 
is magnified to obtain the dynamic response. This is precisely what the factor D, 
does. For the blast case the integral involves the time variation of load f(t) while 
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in the earthquake case the time variation in acceleration (expressed as percentage 
of gravity) is substituted. It should be noted that the dynamic load factor must be 
applied to the response of each mode separately, since in general Di will be differ- 
ent for different modes. 

For design purposes it is the maximum D, that is of interest. Although there is 
no certainty that the maximum values of Di; will occur at the same time for various 
modes, the times are not greatly different and one must always consider the worst 
probable condition in design. Determination of the dynamic load factor for all but 
the most simple load histories becomes a difficult numerical task. It is here that 
analog computers have come to the aid of the engineer. 


G. W. Housner observed that the quantity Di represented the acceleration in 
percent of gravity of a one-degree-of-freedom structure of frequency i. Substi 
tuting real earthquake accelerograms for the term yo and determining the maxi 
mum value of the integral for all reasonable values of frequency, a distribution of 
acceleration versus period could be drawn which is similar to a distribution of light 
intensity versus wave length. For this reason the curves of maximum Dj versus 
period which have been obtained by means of electronic computers have been re- 
ferred to as earthquake spectra.* 

Damping may be included in the differential equation of motion of a beam by in- 
cluding a force term which is proportional to velocity and in phase with the de- 
flection. This results in the addition of an exponential term in the dynamic load 
factor, namely 


‘ 
Dy = w J f(r) sin w(t — v)dv..... ; : (20) 
° 


where n is the percent of critical damping. Housner has shown the effect of the in- 
clusion of damping on the earthquake spectra. 

Most of the published work giving actual values of maximum dynamic load fac 
tors has been for earthquake excitation. However, analog computer techniques 
are equally applicable to blast excitation. W. T. Thomson has been carrying on re 
search at the University of California along these lines.” 


Characteristic values 


There are two characteristic values that enter in the solution which are properties 
of the freely vibrating beam. One of these values is the characteristic function 
#i(x) which describes the shape of the th mode. The other value is the character- 
istic number fi/. For uniform beams the characteristic values are determined by 
end conditions and Eq. (11) and (12). 

Young and Felgar® have tabulated values of #i(x), $i'(x), oi" (x), $i” (x) and 
Bil for all combinations of clamped, pinned, and free end conditions with the ex 
ception of the pinned-pinned case which results in a simple sine function. The 
primed values are the successive derivatives of @i(x) divided by successive powers 
of i to retain nondimensionality. 
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Moment and shear 


Substituting factors described above in Eq. (1): 


wag lS Oz) zr) 


EI& (Bl. Db 


y(z,t) = y(t) + 


For the blast solution 


PI ao (z) k(x) 


Vit) = Bree Bhs 


Dt) (22) 
The designing engineer is usually more interested in moments and shear than 

in deflection. Since ¢i(x) is the only variable quantity in the equation above that is 

a function of x, it is the only value that changes. 

For earthquake: 


M(2z,0 = mgt? >> 2 (z)k.(2) D&O 
=k (8)? 


For blast: 
"(x)k,(x) 


(Bi? Db 


M(z,t) = Pd > oe 


For earthquake: 
Viz.) = mal 3 & esa) D.(t) 


<0 ' 


For blast: 


Vizt) =< P.> & eds) D.(t) (26) 
=O 


It should be noted that these solutions have neglected shear deformation and ro 
tatory inertia. However, for most engineering purposes these effects are 
negligible.® 


APPLICATION 
Earthquake 


An example of the use of the equations derived above will be made in the an 
alysis of the Arvin High School, Arvin, Calif., for the earthquake of July 21, 1952. 
The west end wall of the administration building which fractured during the shock 
will be studied. 

The epicenter of the main shock was in the vicinity of Wheeler Ridge, approxi 
mately 20 miles from Arvin. The seismograph closest to the epicenter was at Taft, 
Calit., about 25 miles from the epicenter. After study of the earthquake spectra 
and the opinions of qualified investigators such as G. Housner, the conclusion was 
reached that the earthquake intensity at Arvin corresponded roughly to that repre 
sented by the El Centro earthquake of May 18, 1940. The earthquake spectra for 
the El Centro earthquake and the Arvin earthquake are shown in Fig. 2. 

The Arvin High School administration building is a two-story reinforced con 
crete building with brick veneer except the second-story wall at the west end which 
was 8!/-in. reinforced grouted brick masonry. This is the wall that was most 
severely fractured. The south second-story walls had minor spalls at their bases in 
dicating rocking had occurred. Details of the west second-story wall and roof are 
shown in Fig. 3 and 4.' 
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Fig. 2—Acceleration spectra for El Centro, Calif., earthquake of May 18, 1940 


The shear strength of the west upper story wall was reduced because of an un- 
satisfactory bond between the mortar and the brick. Contrary to specifications 
metal lath had been pkaced in some of the bed joints to facilitate grouting. Never- 
theless, it has been estimated that the wall should have been good for 40 psi on the 
gross area. 

The loads entering the walls are due to the inertia of the roof slab. For the pur- 
pose of analysis, the roof slab may be approximated by a simply supported beam 
undergoing lateral motion. It may be assumed that the interior columns and parti- 
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Fig. 3—Arvin High School 


tions give vertical support but do not offer lateral resistance to motion. The par 
ameters for the simply supported beam condition are tabulated below: 


(xz) = V2 sin — where 1 = 1, 2, 3, ete 


¢(z) = V2 cos 7 


” (se int 
o."(r) = —V/2 sin 7 


7, 2 int 
=— a 
@ (2) Vv ss 
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All 


ky finns = dz = 22 


, 2 [mis 
Pune t= ee 
If the roof slab remains in the elastic range during its vibratory motion, the fol- 
lowing material properties may be used: 


E = 2.5 X 10° psi 
I = 90 X 10° psi 


304 |b per in ~,, |b-sec? 
= 0.79 - 
386 in. per sec? . 


The fundamental period of vibration is 


_ 2 | 0.79(2400)* 


“ = 0.218 sec 
T = NZ5 X90 Xx 10% ~ 9-218 sec 


Assuming a representative damping factor for masonry of 0.10, a value of 08 
may be picked for the dynamic load factor. Since the higher modes will have 
shorter periods than the fundamental, the dynamic load factor, Di, for higher 
modes will not vary noticeably from 0.8. 


It remains now to evaluate the Necessary parameters to solve the shear equation: 


"ji xe dD, 
mgl rs $ 


2\/2 
smn ?)oa vi(2¥2 v2)o 5 


” — f 
365,000 |b (0.8) = 294,000 lb 


For a gross cross-sectional area of the end wall of 3000 sq in. the average shearing 
stress would be 97 psi. 


This theoretical load was never realized in the structure since the wall failed at a 
much lower stress. However, had the wall been properly constructed it is doubtful 
that it could have withstood the above loads. This is not entirely surprising since 
structures of this type have reserve strength represented by the interior walls and 
columns. 


The largest factor in reducing the stresses induced by the earthquake is the fact 
that small failures occurring within the structure prior to a major fracture can in 
crease the apparent damping coefficient to the point where the resultant dynamic 
load factor is within reasonable limits. In addition, other vibratory motions such as 
rocking of the building on its foundation could also reduce the dynamic load factor 
by way of increasing the natural period of vibration. 

An important point has been demonstrated in this problem, In the above exam 
ple, the solution could have been obtained as readily by multiplying the static 
shear at the wall under a one g loading by the dynamic load factor Di. This follows 
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Fig. 4—Arvin High School 


from the definition of the dynamic load factor, namely the factor by which th 
static response is multiplied to obtain the dynamic response. Moment and deflection 
for stiff structures such as the Arvin administration building may be obtained in a 
similar manner. Structures having long periods of vibration take advantage of the 
reduction in the value of Di as shown in the spectra. 
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Fig. 5—Maximum dynamic load factor for step function shock of 0.3-sec duration 
versus undamped natural period, T 


Blast 


A somewhat more hypothetical example for blast type loading could be obtained 
by analyzing the above structural element under an impulsive loading. If we as- 
sume a pulse type load of 0.3 sec duration time, the maximum D;, plotted against 
period takes the appearance shown in Fig. 5. This curve might reasonably be 
called the blast spectrum. 

Since the period of the roof slab is 0.218 sec, the dynamic load factor for all 
modes is roughly 2.0. In other words, the dynamic response is twice the static re- 
sponse under the maximum blast load. 


CONCLUSION 


It was shown how the response of beams under dynamic loads may be ex- 
pressed as a series expansion involving four nondimensional parameters and one 
dimensional constant. The equation takes the following form: 


y= cH HRD 


=O (pd)* 


This form of solution is not limited to beams. In fact, all structures subjected to 
dynamic excitation, where the principle of superposition is valid and loads may be 
broken up into a time variation times a space distribution, may be analyzed using 
the above form of solution. 

Prototype structures must be approximated by simplified models to satisfy the 
above conditions. Structures having uniform distributions of mass such as stacks, 
silos, or individual structural elements may be approximated by beam theory. Build- 
ings where weight is concentrated at floor levels may be approximated by the so- 
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called shear building. Structures having large shearing deflections in comparison 
with their bending deflections may be approximated by the so-called shear beam. 


All ef these simphified structures may be analyzed using the simplified form shown 
above. 
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Title No. 53-6 


Spacing of Reinforcement in Beams* 


By S. J. CHAMBERLIN# 


SYNOPSIS 


The effect of spacing of parallel bars was studied in modified beams 
Simulated variations in spacing were obtained by varying the width of 
the concrete at the steel in different specimens. Two-point symmetri- 
cal loading was used on one- and two-bar specimens made with two 
different concretes. Steel consisted of #¢4 bars —plain, old-style de- 
formed, and modern deformed, and one modern #6 bar. Embedded 
length-diameter ratios varied from 6 to 21.33. Bar slippages at the 
load points and at the free ends, deflections, and steel strains were 
measured. 

Ultimate loads increased with wider spacing until tensile failures 
developed. Measured bar slippages were greater for the narrowest 
spacing than for the others. All plain-bar beams failed by excessive 
slippage of the steel. Deformed-bar beams which did not fail in tension 
failed either by rupture of the concrete along a horizontal plane at the 
centerline of the steel or in combination with diagonal tension. Results 
indicate that an effective clear spacing of three bar diameters may be 
required. 


INTRODUCTION 


The three-way specification of the ACI Code? governing the spacing of parallel 
bars in beams ostensibly provides for sufficient concrete to develop safe transfer 
of stress both between steel and concrete and between concrete and concrete. In 
an earlier paper§ which dealt wholly with pull-out splices where the pull in op- 
posite directions was transferred from one bar to another through intervening 
concrete, the specimens were designed to furnish information on the effect of 
spacing of bars on bond. Results indicated that bond was not affected signif 
icantly for clear spacings of one diameter and three diameters and that tied splices 
for deformed bars actually developed greater resistance to load than spaced splices. 

If one assumes that the high quality concrete necessary for precast members 
can be so placed around the bars that the bond itself is not adversely affected by 
close spacing, the question still remains of how much concrete is needed to carry 
the stress from the bars up and into the beams. 


*Received by the Institute Feb. 7, 1955. Title No. 53-6 is a part of copyrighted JouRNAL or THe 
AMERICAN CONCRETE INSTITUTE, V. 28, No. 1, July 1956, Proceedings V. 53. Separate prints are 
available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Nov. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Professor of Theoretical and Applied Mechanics, Iowa 
State College, Ames, Iowa 

t'‘Building Code Requirements for Reinforced Concrete (ACI 318-51)."’ 

§Chamberlin, S. J., “Spacing of Spliced Bars in Tension Pull-Out Specimens ACI Journat, 
Dec. 1952, Proc. V. 49, pp. 261-274 
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The shearing stress on a horizontal plane through the concrete at the center 
of a single layer of bars should equal the amount of stress transmitted by bond 
from the underside of the bars. The critical area has a width equal to the clear 
distance between bars. Working stresses of 0.10f-’ and 0.03f-’ for bond and shear 
respectively give a required clear spacing between bars of 5.2 bar diameters. 

Since this is absurd as compared with practice, it has been suggested that the 
horizontal shear is of no consequence. Actually the 0.03f-’ value is based on 
diagonal tension requirements rather than those for pure shear. After a careful 
study of shearing tests, Hognestad* concludes that shearing strength of concrete 
is about two-thirds the compressive strength. A working stress of 0.30fc’ in pure 
shear would provide for a factor of safety of slightly more than two (based on 
the two-thirds figure) and would require a minimum clear spacing of one-half 
bar diameter. 

Combined with the shearing stresses are the tensile stresses in the concrete 
from the bond action. Some minimum width of concrete between bars is neces- 
sary to avoid splitting. 

Considering our lack of understanding of the stress phenomena in beams, the 
code requirement of one bar diameter does not seem unreasonable. In beams in 
which web reinforcement, either vertical or inclined, is welded to the longitu- 
dinal steel, as in some types of precast floor beams, the shear would probably be 
taken largely by the web steel. The action of vertical stirrups, wired rather than 
welded to the main steel, is not as clear. 


This report presents the results of one phase of a general project on lapped 
splices and the spacing of reinforcing bars. The object has been to investigate 


the effect of the spacing of unspliced, parallel bars on the load-carrying capacity 
of beams. 


OUTLINE OF INVESTIGATION 


A modified beam specimen was used as offering a simple first approach to dis- 
covering the minimum width of concrete which will suffice to provide the required 
amount of interaction between steel and concrete. The cross section of the central 
portion of all of the beams, that between the two-point symmetrical loading, was 
kept constant (Fig. 1) to duplicate beam conditions in the region of constant moment 
and zero shear. Exposure of the steel between load points also simplified the measure- 
ment of strains and slippages of the bars. The exposed portion of the bar corresponds 
to the projecting length to which the load is applied in a pull-out specimen. Slippage 
measured at the section under the load is the equivalent of loaded-end pull-out slip- 
page. End portions of the beams, from load point to reaction, had a narrowed bead of 
different width in different specimens on the tension side in an attempt to accomplish 
a variable bar-spacing effect. The cross sections shown in Fig. 2 illustrate the idea. 
The solid lines indicate the end sections as cast, and the dotted lines indicate the con- 
ditions they attempt to simulate. Most of the beams had the narrowed bead of con- 
crete beneath only the horizontal diameter of the bars as shown. One group had the 
bead extending up into the beam above the steel. Most of the beams were 6 x 6 in. 


*Hognestad, Eivind, “What Do We Know About Diagonal Tension and Web Reinforce- 
ment in Concrete?'’ Circular Series No. 64, University of Illinois Engineering Experiment 
Station 
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Fig. 1—Modified beam for 
simulated spacing. Combi- 

nation of fracture at base of 
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Fig. 2—Solid lines indicate 
cross sections as cast; dotted 
lines indicate the spacing of 
bars attempted to simulate 




















in over-all cross section, 36 in. long with a span of 32 in. (Fig. 3), although one group 
of 9 x 9 x 54-in. beams was included. 

Beam specimens are summarized in Table 1. Series I was an exploratory series 
with only one specimen of a kind. Specimens varied from the extreme case of no 
concrete beneath the lower half of the bar, simulating no clear space, to full 6-in. 
section of the end portions. Triplicate specimens were cast for the four different 
simulated spacings of the plain and deformed bars of series II. Series III was the 
main series and consisted of three specimens of a kind with two concrete strengths 
for the smaller beams. The 6 x 6-in. beams of 6- and 3-in. embedment only had verti- 
cal web reinforcement consisting of two No. 11 gage wires spaced at 1 in. in the two 
end portions well away from the steel and beads. The larger beams with the # 6 bars 
(Fig. 4) were geometrically similar to the smaller specimens but had only one length 
of embedment and one concrete strength. 

Two # 4 bars were used in the beams of series IV (Fig. 5). One group of beams had 
the variable-width bead up to the centerline of the steel as in the other series, while 
another group had the concrete extending upward twice as far. The specimens had 
web reinforcement away from the bead, of four vertical wires of No. 14 gage spaced 
at 1 in. in the end portions. Two additional beams had similar vertical reinforcement 
brought down under the reinforcement in the bead and back up into the compression 
zone of the concrete. Only one specimen of a kind was cast for series IV. 


MATERIALS, FABRICATION, AND TEST METHODS 


Materials 

The cement was ‘‘Northwestern States” brand, type I, purchased locally. That used 
in series I and II was from dealer stock. For the other series of tests, the cement 
purchased on two separate occasions was from a newly opened car at the dealer's 
plant. 
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The gravel for series I and II was %-in. maximum size from the Skunk River at 
Ames, Iowa, and was cleanly separated in the laboratory into two sizes, No. 4 to % 
in. and % to % in., before proportioning. It was recombined, using 40 percent of the 
finer gravel and 60 percent of the coarser. For series III and IV, the gravel was from 
the Des Moines River at Boone, Iowa. It was separated into two sizes, No. 4 to *% in. 
and % to % in., at the aggregate plant. The Skunk River sand used in all of the con- 
crete was poorly graded, lacking both in fines and in coarse material. 


Concrete mixtures, other than for exploratory series I, were designed to have 28- 
day cylinder strengths of about 3500 and 5000 psi. The two lots of cement for series 
III and IV, however, gave about 20 percent higher strengths than for series II. The 
mixtures are listed in Table 2. Concrete was mixed in a one-half sack tilting drum 
mixer. When the total batch required exceeded the capacity of the mixer, two batches 
were mixed within a few minutes of one another and then remixed together by hand. 
The mixtures were all plastic and workable with an average slump of 3 in. 


Reinforcing steel for exploratory series I was from laboratory stock of # 4 old-type 
deformed bars, bar A in Fig. 6. The #4 plain bars, bar B, and the two sizes, #4 (C) 





SPACING OF REINFORCEMENT 


IN BEAMS 


TABLE 1—SUMMARY OF BEAM SPECIMENS 


Reinforcement 


(Concrete strength, psi) 


One £4, old det. 
p = 0.0069 
(3700, 14-day) 


One 24, plain 
p = 0.0069 
(3680) 


One $4, mod. def. 


p = 0.0069 
(3680) 


One £4 mod.def. 
p = 0.0069 
(4470) 


One £4 mod.def. 
p = 0.0069 
(5870) 


| Bead width 


(depth), 
in. 


Clear spacing,* 
in. 


6 x 6 x 36-in. beams 


0,1,1%,2,6 
(1%) 


1,1%,2,21 


Z 
“a2 


(1%) 


1,1%,2,2% 
(1%) 


1,14%,2,2% 
(1%) 
1,1%,2,2% 
(1%) 
1,1%%,2,2% 
(1%) 
1,1%,2,2% 


0,% 11% 


%,1,1% 
%,1,1%,2 


%,1,1%,2 


Embedment,t 
in 


10 2/3 


%11% 
(1%) 
1,1%,2,2% 
(1%) 


%,1,1%, 








9x 9x 54-in. beams 


One $6, mod.def 


p = 0.0064 
(4470) 


1%,2%,3,3% 


(1 3/8) 


% .1%,2%,3 


> x 6 x 36-in. beams—2-bar 

Two $4, mod.def 2,2%,3 

p = 0.0138 (1%) 
(4540) 


0,%,1 
(Between bars) 


2,2%,3 


1%) 
2,2%,3 


2,2%,3 
(“%) 
Full section 
Full section 
(Plus stirrups 2% 


(2%) | 
| 
| 
| 


in bead) (1%) 
(Plus stirrups 2% 
in bead) (1%) 





Total 
*Simulated clear spacing 
TDistance from load points to reaction 


and #6 (D) were sent directly from the mill in three separate shipments correspond- 
ing to the three series. Bars C and D were of a type representative of modern de- 
formed bars meeting the requirements of ASTM A 305-50T. Dimensions and physi- 
cal properties of the four bars are listed in Table 3 of the earlier referenced paper 
by Chamberlin. 

The reinforcing rods extended ‘2 in. beyond the ends of the beams and were cov- 
ered with soft rubber tubing ‘'% in. thick for a length of 214 in. from the ends, destroy- 
ing the bond from the ends of the beam to the reaction points. The deformations of 
the modern type deformed bar used are oriented in opposite directions on the two 
sides of the bar. For uniformity, the single-bar specimens of both bar sizes were all 
cast with the two opposite longitudinal ribs of the bar on a vertical diameter. The 
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TABLE 2—CONCRETE MIXTURES two-bar specimens were cast with the 
ese two ribs on a horizontal diameter (rib to 
ompressive 


strength, rib for the adjacent bars). 


psi ; ; 
Web reinforcement for the 3- and 6-in. 
{ | 067 | 1:2.36:2.66 | 3700 (14 days) 


u | 062 1:2.72:3.13 3680 embedded lengths of series III consisted 

ul 0.62 | 1:2.64:2.95 | 70 of a cage made from 4 x 2—-11/i1 welded 

| 0.47 | 1:1.88:2.17 | 5879 wire mesh. The cage was in the shape 

IV | 062 | 1:2.64:2.95 4540 of an inverted U with the legs standing 

*Saturated surface-dry. on the shoulders of the cross section of 

the end portions of the beam. All the 

horizontal wires were clipped off close to the verticals except for two, one on each 

side located at approximately the neutral surface. Two cages were telescoped to give 

horizontal spacings of 1 in. fer the vertical wires. The beads contained no vertical 
steel. 

All of the beams of series IV were vertically reinforced with a cage of 2 x 1—14/14 
galvanized wire mesh, bent into an inverted U shape. All the horizontal wires were 
clipped except for one on each side near the neutral surface of the beam. The wires 
forming the vertical legs of the cage were doubled back resulting in four wires, two 
on each side, at horizontal spacings of 1 in. The web steel did not extend into the 
beads, except for two supplementary beams of embedded lengths of 6 and 12 in. and 
shallow beads of 2% in. width, where the web steel went down around the reinforce- 
ment and back up. 

Beams were cast in horizontal layers with longitudinal reinforcement at the bot- 
tom. Concrete was rodded and spaded by hand until adequate placement was as- 
sured. Top surfaces were covered with mcist burlap, and beams were left in the molds 
for two days or more. The smaller beams were moist cured by immersion until 1 day 
before testing, then were kept under damp burlap until tested at 28 days (14 days for 
series I). The larger beams were kept covered with damp burlap in a moist room 
without sprays. 


| 
| w/e, 


Proportions,* 


Series 
weight 


weight 


Test method 


Beams were tested upside down as cast in a 20,000-lb hand-operated testing ma- 
chine. The load passed through a spherical bearing block to a steel loading beam and 
then through rollers, corresponding to reactions. Load points under the beam were 
adjusted to correspond to the different lengths of embedment of the bars. One of the 
rollers at the load points rested on a spherical bearing block. Steel plates, 2 x %% in., 
with %-in. leather pads were used at each point of contact. At the outer ends of the 
beams the inner half (1 in.) of the leather pads had bearing widths on the concrete 
of 4% in. for all of the smaller specimens, since the clearance between the bead and 
“feet’”’ was kept constant. The outer halves of the pads rested on the full 6 in. width 
of concrete. Bond was destroyed and the pressure reduced on the steel by the soft 
rubber tubing that covered the bars from the center of the reaction to the end of the 
beam. Slips at the loaded end of the bar were measured with two dials at each point. 
Measured slip was corrected by subtracting the strain in the steel between the dials 
and the concrete face. Slips were measured with a single dial at each oute~ end. 

Steel strains in the longitudinal steel were measured with two electric resistance 
SR-4 type A-1 gages on each bar (Fig. 1). Lugs were ground off the deformed bars 
for a length of about 2 in., but tensile tests indicated that the yield point was not 
discernibly affected by removal of the lugs. Strain gages were applied to opposite 
sides of the bar in the single-bar beams and on the top and bottom of each bar in 
the double-bar beams. 
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Fig. 6—Front and side view of bars. A, #4 old-style deformed; B, #4 plain; C, 
#4 modern deformed; D, #6 modern deformed 
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1* 


Series 
(Steel) 


I 
(1 $4) 
(Old def.) 


II 
(134 
plain) 


(Def.) 


(1 $6) 16 


III 
(1 $4) 


10 2 


IV 
(2 $4) 
Shallow 
bead 


Deep 
bead 


INSTITUTE 


TABLE 3—AVERAGE VALUES AT ULTIMATE LOAD 


3 


| 


2° | 
P, 

load, 
Ib 


Clear 
space, 
in 


7270 
9870 
10,900 
12,510 


9000 | 
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TABLE 3 ‘Contd.) AVERAGE VALUES AT ULTIMATE LOAD 


1* 2° 3° 4* 5° 6° 7* 8° 9° 
Clear P Zz 
Series " space, load Failure M /jd T 
(Steel) in Ib Ib lt 
) 7200; Bd-DT 10,280 8940 372 
Ms 8560 Bd-DT 12,230 11,390 316 380 
1 9500 Bd-DT 13,570 11,690 244 325 
Full 
6 sec 20,500 DT 14,650 13,670 
Full 
12 gec 13.000 - 18.580 17,500 


*Columns are identified by number, as follows 

1. Distance from nearer load to support 
Simulated clear space 
Total ultimate load on beam 
Type of failure: Bd 3ead rupture, DT—Diagonal tension, T--Yield point stress in 
Total tension in bar (or bars) computed from moment at ultimate 
Total tension in bar (or bars) determined from strain observations 
Horizontal shearing unit stress at center line of bar, Ts/(2 shear area) 

8. Bond stress at ultimate, 7s/(bond area) 

9. Bond stress at ultimate, usual assumptions 

10. Shearing unit stress at ultimate, usual assumptions 

Stirrup In bead 

tAt centerline of bars, T«/(2 shear area) 

$At base of bead, 7Ts/(shear area) 
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Fig. 7—Load-strain, series II, # 4 deformed bar, 102 /3-in. embedment, 5870-psi 
concrete 
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Loads were applied in increments of a few hundred pounds, depending upon ‘the 
estimated load-carrying capacity of the beam, and the tests were carried to the ulti- 
mate load. Loading was halted at each increment to read the dials and strains, and 
readings were obtained in general on the increment before the ultimate. In some 
cases, the fracture occurred while the readings were being taken. Slow continuous 
loading would have been preferred, but no practical scheme for taking readings ‘‘on 
the run” was devised. 


RESULTS 


General 


Average values at ultimate load are listed in Table 3. For series II and III, the 
results are averages of three specimens of a kind. Column 1 lists the distance 
(a in Fig. 3) from the nearer load to the reaction for the two-point symmetrical 
loading. The ultimate load P of column 3 is the total load on the machine. The 
type of failure is given in column 4. Computed values for the total tension in 
the steel are given in column 5 to compare with the tension values determined 
from observations of strain, column 6. The average horizontal shearing unit 
stress (column 7) in the concrete at the centerline of steel was computed as one- 
half of the total tension in the steel, as determined from strain measurement, 
divided by the net area of the concrete. This assumes that half of the load is trans- 
mitted by bond from the underside of the bars. For values of the horizontal 
shear at the base of the deep beads (series IV) the total tension was divided by 
the product of the length and the width of the bead. The average unit bond 
stress of column 8 was obtained by dividing the total tension in the steel (column 
6) by the product of the perimeter of the bar, or bars, and the embedded length. 
For comparison, bond stresses were computed in the usual way for column 9. 
Vertical shearing unit stresses, column 10, were determined in the usual manner, 
where the total shear was one-half the ultimate load. The stresses in the table 


are average values at the ultimate load and are not in most cases ultimate strength 
values. 


Curves to indicate the variation of measured strain in the steel to the load on 
the beam were prepared for each group of specimens. Fig. 7, for example, is 
the load-strain curve for beams of 10 2/3-in. embedment and of the stronger 
concrete, series III. Each point is the average of three specimens of a kind, and 
the four different symbols indicate the four different bead widths. The change 
from an initial constant slope at about 2000 lb corresponds to the beginning of a 
tensile crack in the central portion of the beams. Computed values for steel strain 
for an uncracked beam, using the entire area of the concrete plus the transformed 
area of the steel, agree with the observed strains up to the cracking load as 
shown. The S-curve between 2000 and about 4000 lb indicates the opening up of 
the crack or cracks. Computed steel strains based on the usual assumptions for 
reinforéed concrete are in accord with the observed strains after the period of 
adjustment. Since the central cutaway portion was the same for all the beams 
of the group, and since the reduced section was essentially a large initial tensile 
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crack, the agreement of the steel strains of the four sets of specimens is only 
natural and was to be expected. Other load-strain curves are not shown but were 
used to evaluate the unit strain in the steel at ultimate load except where the 
steel was stressed to the yield point. 

Similarly, average load-deflection curves were plotted for all groups of speci 
mens. The start and opening up of a tensile crack was again evident in the 2000- 
to 4000-lb range. Load-deflection curves did not indicate any significant dif 
ference in action between beams of different simulated spacings except for loads 
approaching the ultimate. 

Load-slip curves were prepared for each set of specimens and are presented 
(Fig. 9—12) for some of the beams having specimens in triplicate, series II and 
III. Data for the load-slip curves are from the average of six observations of 
slips, since slips were measured at both ends of the beams. Average curves for 
slips at the fractured ends as compared with those for the undamaged ends 
showed no discernible difference for the small beams except for loads near the 
ultimate. Localized failures and opening up of cracks did affect the measured 
slips at the loaded ends of the #6 bar of the larger beams, and for the wider 


spacings, the curves are separated (Fig. 11) for the failed and unfailed ends. 
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Series | 


Ultimate loads of beams with old-style deformed bars increased with increase 
of the simulated spacing (Fig. 8) until the yield point load was developed in 
the steel. The beam with the zero simulated spacing, no concrete beneath the 
horizontal diameter of the bar, failed by the bar coming loose from the concrete. 
The bond of the bar half-embedded in the concrete appeared to be intact before 
test but could easily have been disturbed in stripping, handling, and attaching of 
dials. The zero simulated spacing is not considered practical and was attempted 
only for the exploratory series. Beams with the -, 1-, and 1%-in. clear spacings 
failed by rupture of the concrete at the base of the bead with no other visible 
damage to the beams. Concrete at the fractured sections appeared to be of good 


quality with no evidence of voids or inadequate placement. The specimen of 


full width failed by reaching yield point stress in the steel, while the beam with 
Y,-in. spacing failed at a slightly greater load without an indication of yield 
point stress, 

Load-slip curves (not shown) for both the free and loaded ends of the beam hav 
ing the Y,-in. spacing indicated only slightly better bond action than for the 
beam with zero spacing. Curves for the specimen with 1%-in. spacing and for 
the full width beam were comparable. At a loaded-end slip of 0.030 in., spacings 
of zero, Y,, and 1 in. developed loads of 57, 64, and 74 percent, respectively, of the 
average of the 1Y,-in. and full width spacings. 

Results indicate that for the condition of series I, a clear spacing of three bar 
diameters was required to develop the full strength of the beams. 

10000, ee Sa r 
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. 9—Load-slip, series Il, # 4 deformed bar, 10 2/3-in. embedment, 3700-psi 
concrete 
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Series Il 


All of the plain-bar specimens failed in bond by slippage in the concrete with 
all of the beads intact at the ultimate loads. Load-carrying capacity was not af 
fected by the different spacings (Fig. 8) except for the narrowest of 2 in. Load 
slip curves showed a similarity of bond action for all four spacings unul cracking 
loads of about 2000 lb were developed. After a tensile crack or cracks had formed 
in the central portion, beams with the ,-in. spacing developed greater slips than 
those with the three wider spacings. The average ultimate bond stress for the 
three wider spacings was 272 psi, calculated from strain measurements, as com- 
pared with an average at 191 psi for the narrowest spacing. 

Ultimate loads for beams with modern deformed bars increased directly with 
increase in spacing (Fig. 8). Loading arrangement and concrete quality were 
the same as those for the plain bars. All specimens with - and l-in. spacings 
failed by one of the beads of each rupturing at the base for the full length but 
remaining fixed to the bar. One of the beams with 1%-in. spacing fractured in 
a similar manner, but the other two specimens of the group had the bead fracture 
between the outer end of the beam and a diagonal crack as shown in Fig. 1. The 
ruptured section at the base of the bead was more jagged than that for the nar- 
rower spacings. Two of the beams with widest spacing, 2 in., fractured in a man 
ner similar to that shown in Fig. 1, while the third specimen of the set failed 


by reaching yield point stress in the steel with no visible distress in the beads. 


Load-slip curves of Fig. 9 for the unloaded ends indicate progressively poorer 
bond action as the spacing for the bar decreased. At the loaded ends, slippage for 
the bar with narrowest spacing was relatively greater than that for the other 
three spacings from the beginning of loading. Loaded-end slippage for the bars 
spaced at 1, 144, and 2 in. were the same up to loadings of 2500 lb; beyond that 
the two wider spaced bars had identical slips. 


The ultimate load curves of Fig. 8 for the three types of bars, old-style de 
formed (series 1), plain and modern deformed, are comparable because the main 
variable is type of bar. Type of failure, however, was different and there was 
only one specimen of a kind for the old-style bars. Concrete strengths were the 
same, although specimens of series I were tested at 14 days. Average bond stress 
and shearing unit stress at the ultimate load plotted against the bar spacing 
would give curves of the same shape and relative magnitude of those of Fig. 8, 
since nominal bar sizes, beam cross sections, and lengths of embedment (10 2/3 
in.) were the same for the three types of bars. 


Series Ill 


Ultimate load curves for beams of 6- and 3-in. length of embedment with 
4470-psi concrete, and of 10 2/3-, 6 and 3-in. embedment with the 5870-psi con 
crete are shown in Fig. 8. 

Six-inch length of embedment specimens of the lower strength concrete with 
the three narrower spacings of bars, %, 1, and 1% in., all failed by one of the 





126 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1956 


beads of each fracturing at the base and usually remaining attached to the rod. 
Beams with the widest spacing (2 in.) developed tension cracks in the beads 
that were visible at a few increments of load below the ultimate. At the ultimate 
load, the beads fractured at their bases between tensile cracks. The beads were 
broken up and a diagonal tension crack opened up in the body of the beam. The 
load-slip curves of Fig. 10 indicate essentially similar bond action for the bars 
of the three widest spacings, with the narrowest spaced bar again exhibiting 
greater slippage. 

Similar specimens of the lower strength with only 3 in. of embedment were 
more erratic than those of longer embedments, as might be expected. The beams 
all failed by one of the beads fracturing off at the base. Specimens with the two 
narrower beads broke off cleanly with the beads intact. The two wider spaced 
specimens had the bead broken up with the concrete tearing out between stirrups. 
Load-slip curves indicated that the bond action was similar for the two wider 
spaced bars with the two narrower spacings producing greater slips. 

Ultimate loads for the 9 x 9-in. beams containing the #6 bar are shown in 
Fig. 8 with the clear spacing of %4, 114, 2%, and 3 in. plotted in terms of 1, 2, 
3, and 4 bar diameters to compare with those of the smaller beams. Load-carrying 
capacity increased with an increase in spacing up to 2% in. (3D), although the 
percentage increase was not as great as that for the smaller beams. 

Two of the specimens of narrowest spacings, % in., failed at approximately the 
same load by one of the beads of each fracturing off cleanly at the base. At an 
ultimate 15 percent greater than that of the two companion beams, one of the 


beads broke off accompanied by a diagonal tension crack in the body of the 
beam at about midlength of the bead. Tension cracks were observed in the beads 


of the 14-in. space specimens as the load approached the ultimate, with cracks 
at the base of the beads extending from the tension cracks out toward the ends 
of the beams. Two of the beams had a bead of each fracture at the base at the 
ultimate, while the third had a bead break off between a diagonal tension crack 
and the end of the beam. Two of the specimens with 2%-in. spacing failed at 
about the same load in a combination of diagonal tension and bead fracture 
back of the diagonal crack. The third specimen of the set had an ultimate 13 
percent greater than the other two and failed by developing yield point stress 
in the steel with no visible evidence of distress by diagonal tension. Single ten- 
sion cracks were visible in each bead before the ultimate. At the ultimate load 
one bead split longitudinally down the center, and the bead broke loose between 
the end of the beam and the tensile crack. Beams with the widest spacing, 3 in., 
failed by diagonal tension, with one bead of each breaking off between the di- 
agonal crack and the end of the beam. 

Load-slip curves (Fig. 11) reflect the formation of the tensile cracks and local 
failures in the beads between the load points and the ends of the beams of the 
three wider spaced specimens. Slips at the load points were measured as the 
relative movement of the bar with respect to the vertical face of the concrete 
where the bar emerged. Loaded-end slips for the beams of narrowest spacing in- 
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Fig. 10—Load-slip, series 11, # 4 deformed bar, 6-in. embedment, 4470-psi concrete 
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creased with load in a manner similar to that of the smaller beams with the # 4 
bars. Curves for the other three spacings are separated out into slips at the loaded 
end of the bead that ruptured and those for the bead that remained attached to 
the beam. Slip at the failed end practically halted as tension cracks in the beads 
opened up before the ultimate. 

Ultimate loads for the beams of the stronger concrete and #4 bars increased 
with wider spacings (Fig. 8) until yield point in the steel was reached in the 
2-in. spacings for both the 6- and 10 2/3-in. lengths of embedment. The approach 
of the two curves of different concrete strength for the 3-in. embedment at 1'/-in. 
spacing is due, in part at least, to the variation in ultimate loads of each group. 
Results for the other three spacings were in better agreement. 

Load-slip curves for the loaded ends of the beams with 10 2/3-in. embedment 
and the stronger concrete indicated somewhat less slippage, after a tensile crack 
had developed in the central portion of the beam, as the spacing increased. There 
was not enough slippage at the free ends to be significant. Specimens with the 
narrowest spacing failed by one of the beads of each breaking off cleanly at the 
base. One of the beams of 1-in. spacing failed by the bead rupturing off along 
its base at an ultimate load of only 180 lb less than the average of the other two 
of the set which failed by reaching yield point in the steel. All of the specimens 
with the two wider spacings failed by tension in the steel with the beads intact. 


There seems to be little difference in the load-slip curves (Fig. 12) for the 


three wider spaced bars with the 6-in. length of embedment and the stronger 


concrete. The curves for the loaded and unloaded ends indicate less effective 


bond for the narrowest spaced specimens. The widest spaced specimens (2 in.) 
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ME 2, 


Fig. 14—Fracture of two-bar specimen, Fig. 15—Typical failure of two-bar 
12-in. embedment, bead to centerline beam, with 6-in. embedment, shallow 
of steel bead 


12-in. length of embedment beams. One of the beads has fractured along a hori 
zontal plane for a length of about 9 in. from the line of the reaction to the diag 
onal crack. Load-slip curves (not shown) for the loaded end have an up-turn 
near the end, as did the %-in. specimens (Fig. 11), indicating greatly reduced 
slip at the exposed face as loads approached the ultimate. A typical failure for 
the 6-in. length of embedment bar is shown in Fig. 15. 


Jeams with the 2! 


»-in. deep bead carried considerably less load than their 
shallow-bead companions. Average ultimate loads were 63 and 79 percent of those 
with 6- and 12-in. long shallow beads, respectively. The narrowest bead specimen 
of 12-in. length ruptured along a horizontal plane at the centerline of the bars 
for part of the length of the bead with the fracture extending into a diagonal 
crack, as shown in Fig. 16. For the other two beams of the group, the rupture 
was along a horizontal plane at the centerline of the steel near the outer ends of 
the beam, extended along a diagonal into a horizontal plane along the base of 
the bead and then continued as a diagonal crack in the body of the beam. The 
two narrow spaced bars of 6-in. length of embedment failed by fracture along a 
horizontal plane at the base of one of the beads accompanied by a diagonal ten 
sion crack. The widest-spaced specimen failed primarily in diagonal tension 
with the diagonal crack in the bead and in the body of the beam separated by 
a horizontal crack about | in. long at the base of the bead. 


The 12-in. length of embedment beam of full section failed by tension in the 


steel at a load of about 8 percent greater than the 3-in. wide, shallow-bead beam. 


The full-section beam of 6-in. embedment failed in diagonal tension at 19 percent 


greater load than its 3-in. wide, shallow-bead companion. 
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Load-slip curves for series IV (not shown) were similar to those of series II 
and III, but there was not the tendency of the curve for the narrowest spacing 


to be separated out below the others. 


SUMMARY AND CONCLUSIONS 


The ultimate load curves of Fig. 8 and 13 indicate that the load-carrying ca 
pacity of the beams increased with wider simulated spacing until yield point 
stress was developed in the steel. One-bar specimens with narrower simulated 
spacings of the deformed bar failed by rupture along a horizontal plane at the 
centerline of the steel (base of the bead). The widest simulated spacing usually 
resulted in a combination of diagonal tension and bead fracture or tension fail 


ure in the steel. 


Splitting action of the deformed bars must have contributed to the bead fail 
ures, although the plot of average bond stress at the ultmate load (Fig. 17) shows 
that action is not entirely a simple function of unit bond stress, since the values 
vary with the length-diameter ratio of the embedded bar. Bond stresses of Fig 
17 were evaluated by dividing the tension in the steel, as determined from strain 
measurements, by the embedded area. Calculated bond values of column 9, Tabk 
3, are higher. Allowable bond stress for the concretes of this investigation per 
mitted by the ACI Building Code is 350 psi. A factor of safety of 2% would re 


quire a bond stress of 875 psi. This value is shown as the horizontal line on 
| } 


Fig. 17. Variation of unit bond stress at the ultimate with effective bar spacing 


as determined by Ferguson, Turpin, and Thompson* and shown in their Fig. 6 
is indicated by the dotted line in the lower portion of Fig. 17. Their results were 
based mainly on tests of eccentric pull- 
out specimens, although there were 
some spot checks with beam tests. Most 
of their tests were with an embedded 
length-diameter ratio of 12, which 
would correspond to an embedded 
length of 6 in. for the # 4 bars of this 
investigation. Loading, concrete mix 
tures, bar sizes and type, all were dif 
ferent. It is not believed that the higher 
bond values obtained in these tests were 
because of the compressive forces at 


the beam reactions, since the ends of 


the bar were covered with rubber tub Fig. 16—Two-bar specimen with 1/2-in. 
ing and the load was distributed simulated spacing, 12-in. embedment, 
over the ends of the beam, as described deep bead 

earl er, 


*Ferguson, Phil M., Turpin, Robert D., and Thompsor J. Neils Minimur 
is a Function of Bond and Shear Strength ACI JOURNAI June 1954. Proc V 
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Nor is the splitting of the beads directly a function of the total tension in the 
steel. Fig. 18 is a plot of the;measured total tension in |b at the ultimate against 
the simulated spacing. Values of horizontal unit shearing stress at the ultimate 


load (column 7, Table 3) for the different bar spacings are shown in Fig. 19. 
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SPACING OF REINFORCEMENT IN BEAMS 
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x 
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0 16in., j 

No.6 bar 


4 3in., 4470 
i2in., 2 bor a ps 
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Fig. 19—Average horizontal 
shearing unit stress at cen- 
terline of bars at ultimate 


Horizontal shearing unit stress, psi 


iD 20 30 4D 
load Clear spacing - bar diameter 


The horizontal shearing stresses Vary both with Spach ‘ and embedded length 


ot bar. 


Computed vertical unit shearing stresses at maximum load, column 10, ‘I able 3, 
ire low even tor those specimens that failed ultimately in combination with 
diagonal tension. The ultimate load curve of Fig. & also serves essentially as a 
vertical she ir curve; since the total shear was one-half of the total load, the width 
ot the small beams was constant and th jd value varied but little. It has long 
been recognized that horizontal reinforcement is of assistance in resisting diagonal 
tension and that the effectiveness depends upon anchorage of the bars. It follows 
as these tests show, that the vertical shear 1S also dependent Upon an adequate 
width of concrete provided by bar spacing. That fracture along a horizontal 


plane at the centerline ol bars 1S due to shear ds well as splitting action of the 


deformed bars 1S evidenced by the horizontal Iractures at the base ol th deep 


beads of series IV well away from the bars. Clark* and others hav 
the distance from the reaction to the load ts an important lactor in 
al tension) strength which is further verified in these test: 

Results from the two-bar specimens, in general, agreed with those trom. the 
single-bar beams. The load-slip curves for the 12- and 6-in. length of embed 
ment (bead depth to cent rline ol the two bars) showed about the same variation 
in bond action with simulated spacing as the 10 2 and 6-in. embedments, r 
spectively, of the single-bar specimens ol the same strength except that the curves 
for the narrowest spacing were not separated out from the others as clearly. Bond 
stresses de veloped at the ultimate load were comparable , aS 1S indicated in | iw. 17, 
although the two-bar specimens failed more definitely in diagonal tension. There 


was only one specimen of a kind for the beams containing two bars. 


*Clark A. P Diagonal Tensio in Reinforced Concrete B rm ACI Jot 
Proc V 418. py 145-156 
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Conclusions are necessarily limited to the results of this investigation. It seems 


axiomatic to state that considerably more investigation is required with respect 


to larger beams, greater number of bars, additional layer of bars, continuity, 
stirrups welded to the bars, and other variables before definite recommendations 
can be made. However, results from these tests should apply directly to the width 
of concrete required at the steel in the legs of channel sections and at the stems 
of thin T-beams, if these are without welded web steel. 

1. Load-carrying capacity of the beams increased with wider spacing until 
failure was in the steel. 

2. Load slip curves indicated greater slippages at both ends of the bar for the 
simulated spacing of one bar diameter than for the wider spacings, even for plain 
bars. For spacings other than the narrowest, slippage was usually, but not sig 
nificantly, reduced as spacing increased. 

3. Results from the one group of tests using beams with the larger #6 bar 
showed the same trend with simulated bar spacing as that of the #4 bar speci 
mens, but the effects were not as pronounced. Failures in the larger-bar specimens 
were complicated by tensile cracks in the beads, diagonal tension, and possibly 
inadequate cover below the bar. 

4. Increasing the concrete strength 31 percent, from 4470 to 5870 psi, increased 
the load Carrying: Capacity ol companion beams that did not fail in tension by an 
average of 22 percent for lengths of embedment of 6 in., and 11 percent for em 
bedded lengths of 3 in 

5. Fracture along a horizontal plane at the centerline of the rods is not duc 
to the splitting action of the deformed bars alone but also to the action combined 
with horizontal shear. 

6. The amount of vertical shear developed is a function of the effective width 
of the concrete at the centerline of bars as well as other factors. 

7. Specimens of the type used in this investigation require an effective clear 
spacing of reinforcement of three bar diameters to develop their load-carrying 


capacity with an adequate factor of safety. 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Built-up concrete channels form 
bridge deck 
R. C. Dortanno, Engineering News-Record, V 
156. No. 14, Apr. 5, 1956, pp. 46-48 

3uilt-up concrete channels combining 
prestressed and a 


flanges cast-in-place 


top were used on a 

Calif 
as both deck and stringers for the super- 
The 


were 


six-span bridge in 


San Diego 


These sections served 


structure. spans were 28 ft 6 in.; 


the ribs prestressed with *%-in 


pre-tensioned strand. Special mild steel 


clip anchors were crimped on the pre- 


stressing strands for anchorage in the 


concrete 


Dams 


Steenbras Dam strengthened by 
post-tensioning cables 


S. S. Morr! ( il Engineering, V 


Fel 1956 pp 4 


To strengthen and raise dam in Union 
of South 


Africa, the existing dam was 
prestressed with post-tensioning cables. 
Straight sections were raised and post- 
tensioned; curved dam 


portion of was 


raised but not post-tensioned as arch 
action made strengthening unnecessary. 
Cantilever wall constructed on, and an- 
chored to, top of dam provided freeboard 
for addition 
6 ft 6 in 


1.4-in. diameter and made up of 37 wires 


which raised storage level 


Each post-tensioning cable was 


of 0.2-in. diameter. Cables were designed 


A part f pyr er OURNA Hk 
Proceedings \ 
only 18 gi ii 4 v t! bor 
foreign the work viewed 1 
cannot ce liently be set in type or is not 
indicated in parentheses 
not available through ACI. Available 
For the members that cut 
limited number of complimentary 
ACI heada jus 


ipart thi 


iarters on req 


or y 
18263 W. McNichol 


| i 
following the English 
iddre es 
Reviews’ each year. In most case ACI can furnis} 


on a semi-endless system, whereby each 
ran over precast concrete cable heads at 
top with each end grouted in foundation 
rock 
by raising 


Tension was introduced into cable 


cable head with hydraulic 


jack and holding head in raised position 
by inserting precast packing blocks. Cal- 
culation of cable stress, method of dis- 
tributing high compressive stress under 
cable head to dam 


and anchorage grout 


ing are detailed 


Design 


Applied structural design of build- 
ings 
T 

The book is intended primarily for the 


of practicing designers, architects 


structural engineers plant engineers 


and draftsmen. Primarily a structural 


handbook, the material includes exam 


ples of practical applications in the three 
teel reinforced 
In addi 


problems of design 


materials structural 


concrete, and structural timber 
tion to the ordinary 


of elements, one chapter include 


3a trea 
ment on complex structure vith practi 
cal examples applicable to most indus 
trial construction. The final chapter on 
office practice includes practical material 
such as cost data, instructions for chech 

ing shop drawings, use of soil tests, and 
lists. No 


made in this book to de‘ 


structural check attempt is 
elop theory of 


structural analysis 


iewed | 
wre Ir 
ible the 


title Copie 


f publisher 
addre ‘ 


ection for pasting 
reprints of the 


Current Kevi 
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Direct application to the principle 
of virtual work (El principio del tra- 
bajo virtual con una aplicacidn im- 
mediata) 


R CABALLERO Ingenieria Civil (Mexico 


V. 7, No. 73, Nov. 1955, pp. 9-18 
Reviewed by MANUEL ReNasco, JR 
Deals with certain particular applica- 
tions to the principle of virtual work, both 
by theory and experiments, and attempts 
to draw an approach to the proof of the 
The 


rigid 


general case proof given applies 


mainly to bodies and to certain 
elastic bodies with external restrictions 
From the above proofs, a direct applica- 
tion is shown when the principle is used 
on a plain bar by applying additional de- 


ductions drawn from Bresse equations 


Substructure analysis and design 


PauL ANDERSEN, The Ronald 
York, 2nd Edition, 1956 


Press Co New 


336 pp., $7 
text 
to explain the subject and as a reference 
book for a 
neer. The material in the first edition has 


Intended for two purposes: as a 


practicing structural engi- 
been brought up to date with the inclu- 
The 
book will be of little interest to soil tech- 


sion of new design information. 
nicians since this phase of the problem 
has been developed only as it concerns 
the designer of foundations. The design 
principles 


with 


throughout are illustrated 


applications as practicable exam- 
ples and includes illustrative problems 
The book should be appreciated by struc- 
tural engineers as well as student engi- 


neers 


Influence lines for continuous 
beams. Part 2—Three-span contin- 
uous beam:, constant moment of 
inertia 

Waiter C. Boyer and Joe. I 


nical Report No. 4 
Johns 


ApraMs, Tech 
Civil Engineering Depart 
ment Hopkins University, Nov. 1955 
210 pp 

Tables containing influence line data 
reactions, 


moment and 


various maximum interior span moment 
combinations—-are 


over suppor t, 


dimen- 
sionless form. Contains data for 45 se- 


presented in 


lected cases giving close coverage in the 
range of span ratios from 1.6 to 0.6. 


OF THE AMERICAN CONCRETE 


INSTITUTE July 1956 
Mechanics of ultimate loads, slopes, 
and deflections for continuous 
beams and rigid frames 


G. Ernst, G. Swittart, and A 
letin No 6 University of 
1954, 18 py 


RIVELAND, Bul 
Nebraska Nov 


This paper adds to the analytic meth- 
ods developed for prediciing conditions 


of a struciure at failure. It develops a 
deflec- 
that 


methods 


relationship between load and 


tion for ultimate load similar to 


common for elastic analysis 


of design loads. This relationship is de- 


veloped by methods which parallel the 


load, slope, deflection relationships in 


use under the clastic theory. The possi- 
to full de- 
ritical sections is 


load 
simply to 


bility of a local failure prior 
velopment of all « 
that 


applied 


con- 


dered, so ultimate methods 


may be continuous 


beams and rigid frames 


Materials 
Significance of free lime in portland 
cement with regard to the resis- 
tance of concrete to aggressive in- 


fluences (Uber die Bedeutung des 


freien Kalkes im Portlandzement 
fiir die Widerstandsfahigkeit des 
Betons gegen aggressive Einwir- 
kungen) 
r WwW MEIER-GROLMAN Zement-Kalk-Gips 
(Wiesbaden), V. 9: No. 1, Jan. 1956, pp. 15 
28: No. 2. Feb. 1956, pp. 58-71 
Reviewed by Henry H. Werner 
Presents new theories about the action 
of free lime in cement and a new defini- 
tion of the conception of “free hydrate 
The critical limit 
of free CaO is established as 0.5 percent 
for concrete up to 300 kg of cement per 
cu m. The influence of C_A in cement is 
also explained and a 


of lime” in set cement 


permissible value 
not exceeding 6 percent is established. 
The 


concrete is based on the determination of 


best estimation of resistance of 
the modulus of elasticity by the acoustic 
method instead of measurement of linear 
expansion. By evaluation and interpreta- 
tion of test results new theoretical no- 
tions were established regarding the ac- 
tion and effects of sulfates in the mortar 
bed. 





CURRENT 


On theoretical considera- 
the 


modulus <A” 


the basis of 


tions and the results of evaluation 


the 
formulated as a quotient of 


“aggressiveness was 


those con- 


stituents of cement reacting topochemi- 
With 


concrete can be deter- 


cally and 
the 
mined 


in the liquid phase this 
resistance of 
with certainty at an early stage 
The aggressive action will be proportion- 
ally less as the A-modulus and density 
An optimum 
indicated. The 
effect of 


portland 


increase composition was 
demonstration of the de- 
the free CaO 


led to a 


cisive content in 


cement straightfor- 
unde 


blast fur- 


ward explanation of the behavior 


sulfate attack of pozzolani« 


nace, Ferrari, and high-alumina cements 
and of concrete treated with steam under 
pressure or by the Ocrat process 

In cases where concrete is exposed to 
strong attack, the beneficial effect of air- 
entraining agents is slight in comparison 
with 


gression 


other factors determining the ag- 
The possibility was pointed out 
the 


means during cement production 


of binding free lime by chemical 


Electronographic study of the mor- 
pholegy and crystallization proper- 
ties of calcium silicate hydrates 
Swedish Ce 
titute it the 
Stockholm 
SuM MARY 
available 


A. GRUDEMO 
ment and Concrete Re ure In 
Royal Institute of Te logy 
1955, 103 pp., 15 Kr AUTHOR 

After a brief review of the 


data concerning the phase diagram and 


Proceedings No. 26 


the crystallization properties of the cal- 


cium silicate hydrates formed at low 


temperatures, the experimental methods 
used in the present studies are described 
and particularly, the techniques used for 
obtaining 
the 


are elaborated in some detail 


reliable crystallographic data 


with electron diffraction microscope 


The meth- 
ods of preparation of various calcium 
hydrate 
their 


illustrated by 


silicate materials are described 


and crystallization properties are 


means of electron micro- 
Elec- 


diffraction data are com- 


graphs and diffraction diagrams 
tron and x-ray 
pared. 

The 
great 


Silicate hydrates show 
with 


morphological properties 


calcium 
their 
fre- 


variations regarc’ to 


The 


most 


REVIEWS 


quently appearing compound, CSH(B) 
conditions 
foil 


and 


may under certain develop 


comparatively large like crystals 


but in saturated supersaturated 
needle-like 
hydrate 
The 
the cal 


solutions a fibrous or 
the 


seems to be 


lime 


growth of calcium silicate 


crystals promoted 


crystallization properties of 


cium silicate hydrates are compared 


with those of a few other silicate min 


T he 


conclusions 


erals with layer lattices possibili 


ties of from the 


drawing 


various observations concerning the 


structure and mechanical properties of 


cement gels are discussed briefl, 


Pavements 


Experimental concrete pavements 
Report on pavement research project in In- 
diana 

W T Pye) 

Bulletin N 116 
Apr 1956, py 1-56 
the location 
traffic 


experimental 


Fiewhiw i 


Describes design 


terials, construction and e; 


performance of an con 
crete pavement built in Indiana to stud) 
the effectiveness of 
trol of 

The 


concrete 


ubbases in the con 
pumping 
pavement 
15-ft 
have 
There has 


ion of 


sections, having plain 
and no 


due to the 


joint spacing 


subbase shown distress 
been no 


the 


subbase 


pumping pumping 


or extru material in sections 


having an open-graded Further 
will be 


effectivenes of the 


observations 


the 


necessary to deter 


mine relative 


various types and thicknesses of sub 


the 
the 


bases in control of pumping ad 


dition to continuation of the per 


formance study, a 
the 


ments 


program to measure 
the 


static 


deflections of 
both 
initiated 


concrete pave 
and 


1953 


under moving 


loads was late in 


Report on pavement research project in Ohio 


CHARLE W ALLEN and L 
letin No. 116, Highw t 
1956, pp. 57 : 

The project was built in the 
fall of 1952 in an 


the p 


Summer 


and attempt to de 


termine rformance of various 


thicknesses of subbase on a main truck 


route. It is divided into four sections 
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two with contraction joints on 100-ft 
centers and two with contraction joints 
on 20-ft centers. Various subbase con- 
ditions are included, ranging from no 
subbase, open-graded subbase, dense- 
graded subbase, and soil-cement sub- 
bases. This progress report is concerned 
mainly with the construction of the test 
road, Although performance observa- 
tions made to date are included, it is 
much too early to attempt to draw any 
conclusions from them except that all 
subbase treatments used performed bet- 
ter than untreated sub-grade, especially 
under the 100-ft 
failures have occurred. 


slabs where several 


Design of concrete roads 
A RK COLLINS The Structural Engineer 
(London), V. 34, No. 2, Feb. 1956, pp. 62-66 
Reviewed by C. P. Siess 
brief Considers 
stresses due to traffic and temperature 
variations 
them but 


An excellent review. 


and methods of computing 


points out that use of stress 
analyses in design is limited by uncer- 
tainties in the assumed conditions on 
which they are based. Concludes that in 
practice design must be based on the re- 
sults of carefully collected and evaluated 
table 


Road Research Laboratory for selection 


experience, Presents issued by 
of slab and base thickness and reinforce- 
function of traffic intensity 
and subgrade characteristics. Discusses 
types and spacing of joints. 


ment as a 


Structural aspects of road design: 
Soil mechanics 

Pp. L 
(London), V. 34 


CAPPER The Structural Engineer 


No. 2, Feb. 1956, pp. 56-61 
AuTitOR's SUMMARY 


A short account of the application of 
soil mechanics to road design. The prin- 
ciples by which wheel loads are trans- 
mitted to and resisted by the subgrade 
are discussed. Several methods of pave- 
ment design are reviewed, in which the 
necessary pavement thickness is related 
to the soil properties. Some experimental 
results are given to show the correlation 
of certain soil properties and their vari- 
ation with moisture content. Finally a 
brief reference is made to cement sta- 
bilization. 


July 1956 
Load-transmission test for flexibie 
paving and base courses—Part IV 


R. C. Herner, Technical Development Report 
No. 269, Civil Aeronautics Administration 
Technical Development and Evaluation Cen- 
ter, Aug. 1955, 11 pp. (available from Office of 
Technical Services, Washington, D. C., $0.50) 


Presents test data from load trans- 
mission measurements to illustrate the 
relative effectiveness of typical base and 
subbase materials. Test apparatus con- 
sists of a pneumatic tire load applied 
on the surface of a sample pavement 
mounted upon a “mechanical subgrade.”’ 
The mechanical subgrade consists of 
small steel plates mounted on plungers 
and calibrated springs. Micrometers be- 
low the mechanical subgrade 
the deflection at various points, 
permitting the stress distributed to the 
subgrade to be calculated. The test is 
particularly interesting in that the ap- 
paratus might be 
measurements to 


measure 
thus 


modified to make 
check 


tural designs of concrete pavements. The 


similar struc- 
most apparent modification required, of 
course, would be to enlarge the area of 
the ‘mechanical 
rigid pavement 

much 


since the 
will distribute a 
larger area and 
provision for measurement of negative 


subgrade” 
stress 
over a perhaps 


deflection would be necessary 


Precast concrete 


Precast floor systems (Decken aus 
Fertigbauteilen) 


Rulletin No 119 Deutscher Aussec] fur 
Stahlbeton, Berlin, 1955, 36 pp., 10.4 D. M 


Presents the results of research by 
Otto Graf Gustav Weil. The 
paper deals with the bond developed in 


and first 
composite construction consisting of pre- 


concrete beams and 
Four variations of 
tested which ranged 


bond on horizontal surface only to com- 


cast cast-in-place 


slab floors. beam 


types were from 
plete embedment of the T-stem in the 
slab. The 
that bond strengths up to ap- 
may be 
without the use of keys or special shear 
reinforcement. Much higher bond values 
were developed against vertical surfaces 
than horizontal surfaces of the precast 


cast-in-place conclusions in- 
dicate 


proximately 60 psi developed 
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beams. The second investigation deals 
with composite construction in which 
various patented (German) light beam 
and truss systems are used to carry 
precast block and later to act as rein- 
forcement for the cast-in-place topping. 


Properties of concrete 


Mathematical-statistical evaluation 
of quality testing of mass concrete 
(Mathematisch-statistische Auswer- 
tung der Guetepruefungen von Mas- 
senbeton) 


E. TrReMMeL and A. Woarin, Der 
(Berlin), V. 30, No. 1 Jan 


Bauinge 
nieur 1955, pp 
28-32 


Revir 
mathematical 


Aron L 
theory of 


wed by MIRSKY 


Basic sta- 
tistics applied to study of strength and 
factors of safety of plain 


(mass) con- 


crete. Purpose: better utilization of this 
construction material 
Comments on an indirect tensile test 
on concrete cylinders 
- 2 F. Wricitt Magazine of Concrete Re 
search (London), V. 7, No. 20. July 1955 pp 
87-96 
AuTHor's SUMMARY 

A test 

determining the tensile strength of con 


which originated in Brazil for 


crete involves applying a compressive 
load to opposite generators of a cylind 
rical The 
the 


taining the load 


specimen specimen fails in 


tension along diametral plane con- 
Experiments with this 
test have shown that 

soft 


material are necessary between the spec- 


(1) Packing strips of relatively 
imen and the platens of the testing ma- 
chine. Plywood strips '% in. wide and '% 
in. thick are satisfactory for the purpose, 
but the 


strips 


material and dimensions of the 
little effect 
conform to small 


have provided they 


can irregularities in 


the surface of the specimen. 


(2) Cylinders 6 in. in diameter by 6 


in. long may be used for concrete con- 


taining aggregate up to %-in. maximum 


size. Longer specimens may tend to give 


more uniform results, while smaller 


specimens may give higher average 


values. 
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(3) The new test gives results higher 
than those given by a direct tensile test, 
but lower than the modulus of rupture 
of beams. It tends to give more uniform 
results than the direct tension or trans- 
verse test, but less uniform results than 
a compression test on cubes. 


Measurement of elastic 
by means of vibrations 
(in Swedish) 


HANS WEIBULI 
Provningsanstalt 


constants 
in beams 


Meddelande No 118, Statens 
Stockholm, 1955, 8 pp 

AuTiion' s&s SUMMARY 

Three different methods to determine 

the elastic constants by means of vibra 

Some ex 


tions in beams are described 


periments on concrete are shown. These 
give the change of Youngs’ modulus with 
the age of the concrete during a drying 
The 


beam is calculated and results compared 


period acoustical spectrum of a 


with experiments 


Practical aspects of concrete volume 
shrinkage 


H. S. Wooparp, Consulting Engi 
Mar. 1956, pp. 42-45 
; ed by Aron L. Mirsky 
affecting shrinkage and 

of concrete are listed and dis 
oth novice and 
find this article of 


as a primer for the 


expert will 


interest and value 
one is a review for 


the other 


Note on the intrinsic curve of con- 
crete (Note sur la courbe intrinseque 
des betons) 

R. Pectirer, Annales des Ponts et 


(Paris), V. 125, No. 6, Nov.-Dee. 1955, pp. 779 


789 


Chaussees 


Reviewed by Aron L. Mirsky 


First part of note reports briefly re- 


sults of experiments on concrete speci- 
mens in Providing special 
the 


of the specimens resulted in purely ver 


compression 


frictionless bearing details at ends 


tical fissures and no barreling; rupture 


was coarse, a8 in tension, and the speci 


men was broken into small vertical 


prisms 
Second part discusses extension of the 
(see also Annales 


et Chaussees, V. 123, No. 6 


intrinsic theory 


Ponts 


curve 


des 
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Nov.-Dec. 1953; “Current teviews,”’ 
ACI JOURNAL, Dec, 1954, Proc. V. 51, p. 
390), first to a mortar containing a large 
number of spherical voids, then to a 
large number of spherical balls in con- 
tact, finally to 
sion is that theory is applicable to con- 


crete. 


and concrete. Conclu- 


Investigation of the suitability of 
Prepakt concrete for mass and rein- 
forced concrete structures—Ap- 
pendix A and B 


Technical Memorandum No. 6-330 
Experiment Station, Aug. 1954 


materials 


Waterways 
50 pp., $0.75 
Pre- 


tests 


Describes used in the 


pakt concrete process. Results of 


on permeability and natural weather- 


ing resistance of the material are given. 
Observations on the use of prepacked 
concrete in field operations are included 
for two projects, covering construc- 
and the 


encountered, as 


tion procedures temperature 


rise well as core test 


strengths. 


Alignment chart for the evaluation 
of the dynamic modulus of elasti- 
city and Poisson’s ratio for concrete 


W. H. KiInG and I. D. G. Lee, Magazine of 
Concrete Research (London), V. 7, No. 21 
Nov. 1955, pp. 165-168 


AuTiors’ SUMMARY 


Describes the method of construction 
and use of an alignment chart for the so- 
lution of the dynamic modulus of elasti- 
city and Poisson's ratio from observa- 
tions obtained in the electrodynamic test 
for longitudinal resonant frequency and 
the test for ultrasonic pulse velocity of 


concrete specimens. 


Variation of concrete strength due 
to delay in placing 

x. Ray, dg. & 
The Indian Concrete Journal (Bombay), V. 30 


KARMAKAR, and 8. K. Datta 


No. 2, Feb. 1956, p. 42 


teports data from a series of tests 
conducted to determine the variation of 
concrete strength resulting from delays 
between the mixing of a concrete and 
preparing the standard cylinders. 
Optimum strength resulted after a 2- to 
3-hr The authors attribute the 


increase of approximately 20 


test 


delay. 
percent 
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in the strength to a decrease in the wa- 
ter-cement ratio due to evaporation ioss- 
es and absorption of water by the ag- 
gregates. After 3 hr 
strength began 


serious losses of 


Concrete in sea water (Beton im 
Seewasser) 


A. HumMM™e and K. Wescne 
Deutscher Ausschuss fiir 
1956, 21 pp., 5 D. M 


Continues the report begun in Bulletin 
No. 102 (Jan. 1954). 
tinuing investigations after longer per- 


gulletin No. 124 


Stahlibeton, Berlin 


teports on con- 


iods of exposure. Performance of the 


various concretes is rated by the com- 
pressive and loss 


strength (on cubes) 


in weight. Includes some 30 enlarged 
photographs of sawed cross sections cut 


through the center of the various cubes. 


Structural research 


Tensile crack exposure tests 


6-412, Waterway 
1955, 30 pp 


Technical Memorandum No 
Experiment Station, July $0.75 
reinforced concrete beams using dif- 
ferent types of reinforcement 
entrained 


and air- 


and normal concrete were 
stressed and exposed to severe natural 
weathering in salt water. Control speci- 
mens were exposed but not loaded. Re- 
sults 


indicated the superiority of ai 


entrained indicated 


an increasing deterioration with increas- 


concrete and also 


ing stress. Reinforcement tested included 


new and old-style deformations, rail 


steel and billet steel bars. 


Effect of moment-shear ratio on 
diagonal tension cracking and 
strength in shear of reinforced con- 
crete beams 


A. FELDMAN and C. P Structural Re 
search Series No 107 Civil Engineering 
Studies, University of Illinois, June 30, 1955 
HIGHWAY RESEARCH ABSTRACTS 

Feb 1956 


Concepts regarding the effect of the 
moment-shear ratio on diagonal tension 
cracking and strength in shear of rein- 
forced concrete beams were verified by 
tests of two-point loaded beams. How- 
ever, the hypothesis advanced to predict 
the behavior and strength of uniformly 
loaded beams was not verified by tests 


Siess 
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conducted. It is evident from the studies 
in this program that 
other and probably more complicated ex- 


carried out some 


planation of the behavior of uniformly 


loaded beams will have to be developed 


Experimental study on model gril- 
lage beam bridge with slab clamp 
connection (in Japanese) 


M. Narvoka, H 
Japan 
V. 40, No. 12 


ind K. Ito, J« 
Engineers 
pp. 658-664 

AUTIORS 

The stress and deflection of the model 


grillage 


urnal of 
(Tokyo) 


COMURA 
Civil 
1955 


Society of 
Dec 


Su M MARY 


beam bridge with slab clamp 
connection were measured. Model bridge 
of 
distributing cross beam and slab which 
to by 
clamp usually used. The result of experi- 
the 


stress and deflection differ considerably 


consisted five main beams, one load 


was connected steel girder slab 


mental study shows that measured 
from the theoretical values calculated by 
that the 


composite or 


assuming beam is either per- 
fectly The 


measured values, however, coincide with 


noncomposite 


the theoretical values calculated by the 
theory of imperfect composite beam. Ap- 
plying the load to the second and fourth 
beam simultaneously, the ultimate load 
of that of 
posite beam bridge and 
that of 
bridge. 


was 70 percent model com- 
125 percent of 
model 


noncomposite beam 


Load distribution in multi-webbed 
bridge structures from tests on plas- 
tic models 


crete 


1955 


G. Lirrte and R. E LOWE, Magazine 
Research (Londs V r No 
pp. 133-142 AUTIIOR 


A multi-webbed bridge structure 


one which is intermediate between the 


two extreme cases, i.e., a no-torsion gril- 
lage and a full-torsion slab, considered in 
the load distribution analyses 

The 


which 


theoretical 
the 


this type of construction makes use of a 


interpolation formula 


gives distribution factors for 


torsion parameter, a. Tests have been 


made on Perspex bridge models to deter- 
mine the correct value of this parameter 


consistent with assumptions of analysis 


REVIEWS 


The manner in which the parameter is 


determined for a beam and slab bridge 


and a box-section bridge is illustrated 
and the theoretical and experimental dis 
tribution factors 


type of bridge 


are compared for each 


Ultimate strength and deformation 
of plastic hinges in reinforced con- 
crete frameworks 

Ww. W. L 

search (London) \ 
121-132 


Magazine of Concer Re 


21, Nov. 1955, pp 


AUTHOR SUM MARY 
By the 


hinges 


comparing idealized assump- 


tion of plastic concentrated at 


points and the actual spread of plasti- 
city, the validity of the plastic hinge the- 
of 


is verified and the expressions for calcu- 


ory reinforced concrete frameworks 


lating the available plastic 
that 


rotations are 


derived. Tests show lateral binding 


considerably increases the stress-strain 


capacity of reinforced concrete sections 
and this can be employed to increase the 
rotation of critical plastic hinge zones 
Further tests on struts provide informa 
the 


Zones 


tion on curvature distribution along 


plastic 


Investigation of continuous con- 
crete beams at far-advanced com- 
pressive strains in concrete 
Swedish) 


Hl. NYLANDER § Bulletin 
Division of Buildi S ( nd Str 
Engineerit < | titute of Ts 
stock! BRetong (St 


V. 40, No 1955 | 11 


(in 


The method of limit design can be ap 


plied to reinforced concrete structures if 


and areas of 


that 


their dimensions reinforce 


ment such 


the 


are failure begins when 


yield point stresses are reached in 


the tension reinforcement under bending 
For ratios of 


to take 


high reinforcement, it is 


the fact 


necessary 


that the 


account of 
the 
stressed at the 
the 


than 


moment in cross section 


most heavily load causing 


complete failure of structure in 


the 


its 
smaller 
this 


Furthermore 


entirety 1s maximum 


moment which 


to 


cross section is able 


withstand failure in 


shear and failure due to excessive bond 
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stresses are more liable to occur as the 
ration of reinforcement becomes higher. 
The authors report the results obtained 
from investigations on 26 continuous re- 
inforced concrete beams. The beams 
were considerably different in design 
from those designed in accordance with 
the theory of elasticity. 


Transverse 
walls 
Cc. B. Monw«, Jr “Symposium on Methods 


of Testing Building Construction,”” Special 
Technical Publication No. 166, ASTM, 30 pp 


Presents the results of tests on small 
brick buildings with the walls 
by lateral pressure to failure. Purpose 
of the test program was to develop ra- 
tional design data for unreinforced ma- 
sonry underlateral load to justify or 
modify arbitrary thickness to height 
ratios and lateral support requirements 
by rule of thumb in most building codes. 


strength of masonry 


loaded 


General 


Treatise on reinforced 
(Traité de béton armé) 
A. Guerrin, Dunod, Paris, 1952, V. I, II and 


III, 314, 300 and 315 pp 
Reviewed by J. J. POoLtvKa 


Three-volume textbook (1) general 
information, properties of materials, ex- 
perimental mechanics of reinforced con- 
crete; (2) design of reinforced concrete 

and (3) foundations—-is a 
and presentation of 


concrete 


structures; 
thorough 
most important knowledge on concrete. 
V. I, Part 1, contains chapters on his- 
tory; properties of materials and various 
mixes; effects of temperature and fire; 
impermeability and resistance to corro- 
sion; members in tension, flexure and 
compression; corresponding 
ment of reinforcement, especially under 
consideration of isostatics. Part 2: ex- 
perimental and theoretical mechanics re- 
ferring to three-dimensional stress dis- 
tribution and phenomena during failure 
(von Karman, Ros, Eischinger, Richart, 
Caquot, Goguel, Mesnager, Considére, 
Baes, Paris); shear and torsion; ductil- 
ity; tests by Spitzer, Morsch, Gehler, 


concise 


arrange- 
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von Emperger, Klokner, Baes, Santarel- 
la; shrinkage and plastic flow; effects of 
repeated loading. Other subjects include 
straight and bent reinforcement; stir- 
rups and ties; anchorage; spiral rein- 
forcement and results of tests (Con- 
3ach, Feret, Talbot, Morsch, von 
Emperger, Saliger, L’Hermite); wire 
mesh and expanded metal; principles of 
prestressed concrete (Freyssinet, Disch- 
inger); elimination of shrinkage effect 
by expansive cements (Lossier). 


sidére, 


V. II contains assumptions, theories, 
and details of design and chapters on 
combined bending and compression, lo- 
calized compression, buckling, variation 
of modulus of elasticity, design of mem- 
bers with various shapes and cross sec- 
tions and of composite structural types, 
wall beams. Statically indeterminate 
structures (continuous beams and 
frames with constant and variable mo- 
ments of inertia) are covered, as well 
as slabs supported along periphery with 
comparison of various methods (Mes- 
nager, Resal, Pigeau, Chaudy, Navier, 
Marcus, Timoshenko), 
with a number of examples (rectangular, 
circular, triangular slabs under uniform 
and concentrated loads); continuous 
slabs and mushroom slabs (Marcus, Ca- 
quot). 


Dubas, Lowe, 


Of special interest is V. III which 
treats all kinds of concrete foundations 
Part 1 
contains important data on soil mechan- 


in unprecedented thoroughness. 


ics, such as soil tests and testing equip- 
ment, properties of various soils, distri- 
bution of soil pressure, possible improve- 
ments of soils. Part 2 contains material 
on different types of foundations: contin- 
uous slabs under bearing walls and pilas- 
ters; spread footings under columns; 
foundation slabs carrying various num- 
bers of concentrated loads; analysis of 
various shapes of foundation slabs; conic 
hollow slabs; full-slab foundations, plain 
and strengthened by network of beams; 
convex and concave full-slabs, with and 
without ties and stiffening members; 
Slabs with inverted capitals; foundation 
wells, their arrangement and execution; 
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top structures of foundation wells. Sec- 
tions are included on various types of 
piles cast in soil (Compressol, Franki, 
Simplex, Vibro, Zenth, Standard, Ex- 
press, Rodio, Frotte-Forum, Grimaud, 
Mega, Takechi, de Waal); precast piles 
(Grimaud, Lacombe, hollow and twisted 
piles); effect of various shapes of piles 
on their bearing capacity; methods of 
driving piles; structural consideration 
for lifting and impact; determination of 
bearing capacity of piles, empirical and 
theoretical (Rankine, Vieren- 
Benabencq, Dorr, Caquot-Kerisel) ; 
bearing of piles under consideration of 
dynamic forces, with various methods of 
design (Engineering News-Record, Cran- 
dell-Sprenger, Hiley, Benabencq, Vieren- 
deel, Buisson, Pigeau, Redtenbacher, 
Brix); loading tests of piles; batter and 


formulas 
deel, 


anchor piles and their resistance; resis- 
tance of piles under inclined loading; de- 
sign and details of top slabs on one and 
greater of piles (triangular, 
square, rectangular, hexagonal, circular, 
and 


number 


irregular Cofferdams 


and caissons in reinforced concrete, cast- 


top slabs) 
in-place and precast, are covered. Part 3 
includes special foundations; box foun- 
dations, types and methods of construc- 
tion; waterproofing (admixtures, pro- 
tective coatings and layers, hollow slabs 
and walls); of existing 


facing 


waterproofing 
box foundations (interior under 
foundations in yielding 
and sliding soils, on fills, and wet soils; 
foundations of 
to shocks 
strengthening of 
All subjects are amply illustrated and 
clarified by many practical examples and 
calculations 


high pressure); 


buildings and machines 


exposed and and 


foundations 


vibration; 
existing 


Notes on coloring concrete block 


WILLIAM 
1956, pp 


GRANT 
39-41 


Concrete, V. 64, No. 4, Apr 

Describes the various pigments avail- 
able for coloring concrete and concrete 
block 


are 


Advantages and disadvantages 


discussed. Includes brief directions 
for use of pigments and simple tests for 
their suitability which require “neither 


great skill nor elaborate apparatus.” 
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Proportioning concrete (Betong-pro- 
porsjonering) 

SVEN 
1955 


THAULOW 
142 pp 
Presents a 


Norsk Cementforening, Oslo 


suffi- 
method 


simple, and 


accurate 


rapid, 
proportioning 
based on all the usual 


ciently 
tests of concrete 
aggregates which allows all mix calcula- 
tions to be carried out on the job site 
The book the three common 
methods of specifying concrete mix pro- 


includes 
portions: by weight, by absolute volume, 
and by loose volume. Proportioning in- 


structions are based on a measurement 
of consistency developed by the Norwe- 
gian Portland Cement Assn. using a field 
apparatus called “concrete tester.’ Con- 
sistency is measured as the number of 
blows of a hinged handle of given size 
and weight under gravity force required 
the 
methods based on maximum unit weight, 
of 


fineness 


to compact concrete. Proportioning 


based on individual 
aggregate, 


modulus 


grading curves 
the 
described It is 


and based on 
are 
that proportioning be 


on a fineness modulus method 


rec- 
ommended based 
Advice is 
included on selecting materials and pro- 
portioning for with high 


compressive strength; (b) concrete with 


(a) concrete 


high tensile strength; (c) 
bility; 


low permea- 


(d) resistance to freezing and 
(f) 
fire, 


One chap 


thawing; (e) resistance to abrasion; 
resistance to high temperature and 
and (g) with air 


ter deals with field adjustments required 


entrainment 


by changes in materials or changes in 


qualities of the concrete desired 
Recent slip-formed structures (Neu- 
ere Gleitschalungsbauten) 


MERKLE Der 
30, No. 2, Feb 


Bauingenteur 
1955, pp. 41-46 
Reviewed by Akron L. Mins 
Descriptions of several recent German 


(Be 


rlin) 


structures (silos, coal-blending bunkers 


and multistory apartment houses) built 


by slip-form methods 


Foundation engineering 


R HAM MOND 


Philosophical 
pp., $10 


Deals with practical foundation prob 
lems and their solution, covering a wide 
of 


Librar 


York, 1956, 192 


range foundation types. Includes a 
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short introduction to soil mechanics to 
provide a background for the explana- 
tion of practical 


designs. Photographs 


are used to show actual construction 


and the problems presented. Special line 
drawings illustrate and amplify the ex- 
planations and descriptions. Each chap- 
ter is followed by an adequate list of 
references to recent books 
from which further 
information can _ be 
Although the 


value as 


papers and 


and more detailed 
obtained, if re- 
book is of 
study for the 
and student, it 


wide 


quired, most 
background 
civil engineer 
offer the 
of experience to the practicing engineer. 
The latter, for will find of 
particular interest a chapter on ‘‘vibra- 
tion 


young 


does result of a range 


instance, 


control foundations,’ which illus- 


trates 
machine 


practical design methods for 


foundations. 


Portable ultrasonic concrete testing 


apparatus 


R. H. Etvery and D. W. VaLe, Magazine of 

Concrete Research (London), V. 7, No. 21 
Nov. 1955, pp. 161-164 

AUTI(ORS’ SUMMARY 

The new apparatus described is basic- 

ally similar to the Road Research Labor- 


atory (England) ultrasonic 
but has been designed to be more con- 
venient for field work. It 


been built in two separate units for easy 


equipment 


testing has 
portability and the weight has been re- 
duced to approximately half that of the 
original apparatus. It is still necessary 
to provide an a-c main 
the equipment. A number of 
tures have been incorporated, providing 


supply for 
new fea- 


greater convenience in use and servicing 


Fire protection equipment list 
Underwriter Laboratories, In¢ Jan. 1956 
2h2 pp 

The section on building materials (pp 
includes three fire ha- 


15-75) groups 


and miscellaneous 
or unclassified group 
(pp. detail 
drawings for various degrees of protec- 


retardant; 
The 
includes 


zard, fire 


retardant 


35-74) approved 


tion for columns, floors, roofs, ceiling 


and wall construction and should be of 
value to structural 


considerable engi- 


neers for planning purposes 
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Modern chemical processes 


Eprrors of Industrial and Engineering Chem 
istry, Reinhold Publishing Corp., New York 
V. 4, 1956, 202 pp., $5 

Nineteen 


chemical 


contemporary industrial 


processes are described in- 
cluding the historical back7yround, plant 
installation, 


process in operation of 


plants; economics of the and 
This 
tended to supplement Volumes 1 to 3 as 


a “perpetual 


pros ess; 


future prospects volume is in- 


inventory of American 


chemical technology.’ The section on 


47-59) 


summary cf the 


portland cement production (pp 


is a well-written his- 


torical background, chemical process, 
and an excellent description of the op- 
eration of the 


plant 


Permanente Cement Co 


Special varieties of concrete (Betony 
specjalne) 


W. MUZYNSKI Materialy 
saw), No. 7, 1954, pp 
Pouistt 


Budowlane (War 
175-182 
TECHNICAL ABSTRACTS 


vo. 3 19), 1955 


Discusses recent scientific achieve- 


ments as affecting watertight, frost re- 


sistant, acidproof, and fire resi 


fry 


concrete. Includes suggestions 


ther development 
Concrete and reinforced concrete 
(Beton i zelbet) 


Budown i Archit (War 

Edition, 1954, 292 pp 

PoLisH TECHNICAL ABSTRACTS 
Ni 3(19), 1955 


I a SuwaLskI 


iw), 2nd 


Basic information on the technology 


of concrete and methods of planning, 


calculating, and constructing reinforced 


concrete structures. Includes chapters 


on materials, calculation of members 


reinforced concrete structures, construc- 


tion, examples, and tables 


Insulation of 


large underground 
chambers (Die Isolierung grosser 
Raeume unter Tage) 

MARK! 


30, No. 2, Feb. 1955, pp. 55-58 


Reviewed | Arnon L. MIRSKY 


Siecrriep W 


lin), V 


Der Bauingenieur (Rer 


Comparison of four methods of in- 


sulating large underground chambers 


for power plants and similar uses. A 


cost comparison is included 





